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FOREWORD 


This  is  the  latest  in  a  series  of  reports  and  publications  de¬ 
scribing  work  done  by  the  Pioneering  Research  Division  in  the  field 
of  jet  compression.  The  object  of  the  program  is.  to  gain  a  greater 
understanding  of  the  principles  of  operation  of  the  jet  compressor 
(ejector),  in  the  hope  that  its  efficiency  can  be  increased  without 
the  sacrifice  of  its  present  simplicity  and  low  cost.  Previous 
papers  have  shown  that  the  use  of  a  heavy  driving  gas,  such  as 
Freon-113,  rather  than,  a  light  gas,  such  as  steam,  leads  to  increased 
efficiency. 

The  present  paper  contains  experimental  results  obtained  with  a 
new  apparatus  of  different  geometry.  It  is  also  a  summary  paper  in 
which  our  findings  and  conclusions  are  brought  up  to  date . 

One  of  the  uses  of  the  jet  compressor  is  in  the  dehydration  or 
freeze -drying  of  foods. 
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Director 

Pioneering  Research  Division 
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ABSTRACT 


A  description  is  given  of  the  various  regimes  of  flow  that  can 
exist  in  the  jet  compressor.  A  new  apparatus  is  described  and  data 
taken  with  it  on  6  systems  of  gases  (He : Freon-113,  Herair,  air: Freon- 
113,  air: Freon-12,  air: air,  and  Freon-12: air)  are  presented.  The 
highest  efficiency  achieved  with  the  new  apparatus  is  0.125,  at  a 
compression  ratio  of  1,590,  with  helium  as  the  driven  gas  and  Freon- 
113  as  the  driving  gas.  Calculations  of  momentum-flux  balance  within 
the  jet  compressor  are  made,  with  allowances  for  friction,  and,  when 
necessary,  for  flow  separation  within  the  driving-gas  nozzle.  The 
changes  of  available  energy  associated  with  the  various  processes 
that  take  place  within  the  jet  compressor  are  individually  calculated 
from  the  experimental  data.  The  flow  rate  of  driven  fluid  is  calcu¬ 
lated  as  a  function  of  inlet  pressure  for  the  system  air: Freon- 113,  by 
a  method  proposed  by  Fa'bri  and  Siestrunck;  the  results  represent  the 
observations, ,but  not  accurately. 


FURTHER  STUDIES  .OF  THE  JET  COMPRESSOR 


1.  Nomenclature  and  Dimensions 

A  =  cross-section  area  of  'a  flow  channel 

A*  =  cross-section  area  of  throat  of  driving-fluid,  nozzle 

B  =  perimeter  of  a  flow  channel 

M  =  pertaining  to  the  mixed  regime  of  flow 

M*  =  ratio  of  stream  velocity  to  velocity  stream  would  have  in  choked 
flow 

P  =  pressure,  static  or  stagnation 
•  R  =  gas  constant 

S.  -  pertaining  to  the  supersonic  regime  of  flow 
T  =  absolute  temperature 
W  =  molecular  weight 

a  =  available  energy  per  unit  mass;  also,  the  letters  a.,..m  are 
used  to  identify  the  pressure  taps 
c*  =  velocity  of  a  stream  in  choked  flow  (sonic) 

Cp  =  specific  heat  at  constant  pressure 
f  =  friction  factory  defined  by  Eq.  (5) 
h  =  enthalpy  per  unit  mass 
k  -  isentropic  exponent 
1  =  length  of  mixing  tube 

m  =  mass  rate  of  flow 
s  =  entropy  per  unit  mass 
u  =  stream  velocity 

x  =  fraction  of  area  A5  carrying  the  (separated)  flow 
T);  =  efficiency  of  jet  compressor 
P  =  density  of  fluid 

0  =  shearing  stress  per  unit  area  exerted  by  walls 
cd  =  entrainment  ratio,  m3/irix 
Superscript 

*  =  pertaining  to  the  sonic  or  choked  condition 

Subscripts 

0  =  any  unspecified  stagnation  state 

1  =  initial  (stagnation)  state  of  drivirg  fluid;  also  component  1, 

the  driving  fluid 

2  =  maximum  with  respect  to  two  variables  (P8  and  cd) 

3  =  initial  (stagnation)  state  of  driven  fluid;  also  component  3> 

the  driven  fluid 

5  =  state  of  driving  fluid  as  mixing  begins 

5s  =  state  5  calculated  isentropically  from  state  1 
5x.  =  state  5  calculated  on  the  assumption  that  a  fraction  x  of  area 
A5  carries  the  entire  flow 


6  =  state  of  driven  fluid  as  mixing  begins 

7  =  state  of  stream  at  completion  of  mixing 

8  =  final  (stagnation)  state  of  mixed  stream 

9  =  state  of  same  entropy  as  state  3  and  same  pressure  as  state  8 

10  =  state  of  sane  entropy  as  state-  1  and  same  pressure  as  state  8 
a,  br  . ..m  =  designations-  of  pressure  taps;  locations  are  given 

under  dimensions,  and  are  shown  in  Figure  7 
a  .=  based  on  the-  concept  of  available  energy 
d  =  pertaining  to-  an  accepted  dead  state 
fr  =  pertaining  to  the  calculation  of  friction  loss 
max  =  maximum  value  with  respect  to  one  variable  (Pg) 

The  following  dimensions  refer  to  the  apparatus  used  in  the  present  exper¬ 
iments.  A  drawing  of  the  flow  channels  is  included,  in  Figure  7» 

Driving-fluid  noszle: 
width  =  0.101  in. 

length  of  converging  part  =  0.700  in. 

length  of  diverging  part  =  0-475  in. 

length  of  constant-depth  part  near  exit  =  0.100  in. 

depth  at  entrance  =  0.164  in. 

depth  at  throat  =  0.043  in. 

depth  at  exit  =  0.099  in. 

Driven-fluid  nozzle : 

angle  with  mixing-tube  axis  =5° 
width  =  0.206  in. 

length  of  converging  part  =  1.100  in. 

length  of  constant -depth  part  near  exit  =  0.100  in. 

depth  at  entrance  =  0.400  in- 

depth  at  exit  =  O.O99  in. 

Mixing  tube: 

width  =  0.307  in. 
length  =  2.900  in. 
depth  =  0.099  in. 

Diffuser: 

width  =  0.308  in. 

length  =  2.000  in. 

depth  at  entrance  =  0.099  in. 

depth  at  exit  =  0.400  in. 
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Pressure -tap  locations: 


Distances  measured  parallel  to  the  axis  of  the  mixing  tube, 
from  a  zero  plane  perpendicular  to  the  axis  and  passing  through  the 
end  of  the  web  that  divides  the  driving-  and  driven-fluid  channels. 
Positive  direction  is  downstream. 


a  = 
h  = 
c  = 
d  = 
e  = 
f  = 

g  = 
h  = 
i  = 

j  = 

k  = 

1  = 
m 

Areas': 

Ai  = 

A*  = 
A3  = 
A5  = 
As  = 
Ar  = 
As  = 


-1.720 

in. 

(Pi) 

-1.338 

in. 

(P3) 

-0.575 

in. 

(P*) 

-o.io4 

in. 

(Pa) 

-0.096 

in. 

(P5) 

0.643 

in. 

0.653 

in. 

1-393 

in. 

2.144 

in. 

2.895 

in. 

(Pt) 

3.642 

in. 

4.392 

in.. 

5.142 

in. 

(Pa) 

0.0166  in.2 
0.00434  in.2 
0.0824  in.2 
0.0100  in.2 
0.0204  in.2 

0.0304  in.2  (=A5  +  As) 
0.1232  in.2 


Area  ratios: 


Ai/A*  =3.82 

a5/a*  =2.30 
A3/A6  =  4.04 
Aq/A^  —  '2..i^4 
A8/ Ay  =4,05 
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2  .  Introduction 


The  jet  compressor  (ejector)  has  "been  an  object  of  study  for  many 
years,  yet  it  is  easy  to  find  diverging  opinions  and  conflicting  rec¬ 
ommendations  on  how  to  build  a  good  ejector-  Within  the  past  decade 
an  understanding  of  the  various  flow  patterns  that  can  exist  within  a 
jet  compressor  has  developed.  These  flow'patterns,  and  the  transitions 
between  them,  account  qualitatively  for  the  observed  behavior  of  ejec¬ 
tors  . 

Quantitative  calculations,  based  on  the  equations  of  energy,  contin¬ 
uity,  and  momentum- flux  can  be  made  for  jet  compressors.  Such  calcula¬ 
tions  are  helpful  in  understanding  the  flow  patterns  and  in  verifying 
assumptions  that  have  been  made-  Howeyer,  for  a  jet  compressor  of  given 
geometry  such  calculations  do  not  fully  specify  the  operating  state  in 
terms  of  the  input  stagnation  conditions,  since-  they  permit  a  multiplic¬ 
ity  of  solutions. 

Further  progress  in  understanding  the  ejector  wil.1  require  empirical 
or  theoretical  attacks  that  involve  the  mixing  process  itself  in  some 
way,  rather  than  the  states  immediately  before  and  immediately  after  mix¬ 
ing.  A  few  attempts  in  this  direction  have  been  made,  but  quantitative 
experimental  confirmations  of  assumed  mixing  mechanisms  are  still  scarce. 

A  number  of  laborUtorie s ,  including  our'  own,  have  set  out  to  methodi¬ 
cally  study  the  variods  factors  that  influence  jet-compressor  performance. 
Our  own.  previous  experimental  work  (l,  2)  has  shown  the  results  of  maxi¬ 
mizing  the  efficiency  of  an  ejector  with  respect  to  variations  in  outlet 
pressure,  entrainment  ratio,  and  the  nature  of  the  driving  and  driven 
gases-  These  results  refer  to  a  single  ejector  and  cast  no  light  on  what 
may  happen  when  the  geometry  of  the  compressor  is  changed. 

The  present  paper  extends  the  study  to  an  apparatus  of  different  geomr 
etry;.  .  It  begins  with  a  general  description  of  the  flow  in  an  ejector, 
without  any  systematic  attempt  to  show  the  experimental  proof  of.  existence 
of  the  various  regimes  of  flow.  This  is  followed  by  a  presentation  of  the 
new  experimental  work  done  since  our  last  reports.  Next,  the  picture  of 
the  compression  process  presented  at  the  beginning  is  examined  in  a  number 
of  quantitative  calculations,  using  principally  our  own  data  but  in  one 
case  those  of  other  observers.  A  few  peculiar  and  unexplained  phenomena 
are  discussed.  Finally,  a.  proposed  method  of  calculating  the  supersonic 
regime  is  tried  out,  and  the  present  state  Of  our  knowledge  is.  summed  up. 
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3 .  Nature  of  the  Flow  in  a  Jet  Compressor 


In  a  jet  compressor  (ejector)  two  streams  of  fluid  are  accelerated; 
they  are  brought  into  contact  with  each  other  so  that  they  mix,  come  to 
the  same  pressure  and  usually  to  approximately  the  same  velocity  and 
temperature,  and  finally  the  mixture  is  brought  to  rest.  The  driving 
stream  experiences  a  net  fall  in  pressure,  and  the  driven  stream  exper¬ 
iences  a  net  rise  in  pressure.  The  ejector  is  a  device  for  doing  useful 
work  by  compressing  the  stream  of  driven  fluid.  It  can  serve  as  an 
ordinary  compressor, .as  a  vacuum  pump,  or  as  a  machine  for  circulating 
air  or  other  gases. 

Figure  1  contains  a  schematic  diagram  of  a  jet  compressor,  and  three 
partial  diagrams.  Each  diagram  shows  a  different  regime  or  pattern  of 
flow.  These  patterns  of  flow  have  been  identified  and  described  by 
Fabri  and  Siestrunck  (3),  using  ideas  presented  earlier  by  Fabri,  Le 
Grives,  and  Siestrunck  (4).  A  paper  by  Fortini  (5)  contains  a  good  pre¬ 
sentation  of  several  of  the  basic  ideas,  and  others  have  used  them. 

Among  the  things  still  lacking  is  a  knowledge  of  detailed  mechanisms. 

For  example,  when  does  one  regime  yield  to  another?  When  the  input  and 
output  pressures  are  given,  what  mechanism  determines  the  mass  rate  of 
flow  of  driven  fluid? 

The  ejector  shown  schematically  in  Fig.  1  has  a  converging -diverging 
nozzle  for  the  driving  fluid,  which  we  assume  to  be  a  gas.  This  gas  has 
a  stagnation  pressure  Pi,  a  stagnation  temperature  T'i,  and  a  mass-flow 
rate  mi.  Driving  gas  enters  the  mixing  tube  through  the  nozzle -exit- 
plane  5  at  supersonic  speed.  Driven  gas  enters  the  ejector  through  a 
converging  channel.  Its  stagnation  pressure  is  P3,  its  stagnation  tem¬ 
perature  is  T3,  and  its  mass  rate  of  flow  is  m3.  (The  nomenclature 
adopted  here  is  given  in  Section  1.  It  agrees  with  that  used  in  refer¬ 
ences  (l)  and  (2),  with  minor  changes.)  The  driven  gas  enters  the 
mixing  tube  through  the  plane  6,  which  is  shown  as  an  annular  area  sur¬ 
rounding  the  driving-gas  nozzle.  Usually,  the  entering  flow  is  subsonic, 
but  if  the  stagnation  pressure  P3  of  the  stream  is  made  high  enough, 
sonic  flow  may  exist  in  plane  6.  The  subscripts,  5 >  6,  etc.,  will  be 
used  to  distinguish  any  variables  referring  to  the  gas  or  the  channel 
at  the  corresponding  point  in  the  channel.  Thus,  for  example,  the  plane 
5  has  an  area  Ag,  and  the  pressure  of  the  gas  passing  through  it  is  P5. 

The  ejector  shown  in  Fig.  1  has  constant-area  mixing.  The  mixing 
tube  has  throughout  its  length  a  constant  area  equal  to  its  exit  area  A7, 
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Mixing  TubeA  Diffuser 
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Saturated  Supersonic  Regime 


and  the  areas  of  the  two  streams  at  the  entrance  satisfy  the  relation  A5 
+  Ae  =  A7.  Constant-area  mixing  is  particularly  simple  from  the  mathe¬ 
matical  standpoint. 

The  length  of  a  mixing  tube  is  generally  8  to  10  times  its  diameter. 
In.  this  length  enough  mixing,  takes  place  to  give  good  operating  charac¬ 
teristics,  and  wall  friction  is  held  to  reasonable  limits. 

The  section  of  the  ejector  between  planes  J  and  8  is  the  diffuser, 
in  which  the  mixed  stream  is  decelerated  and  its  pressure  is  raised. 
Normally,  the  flow  entering  the  diffuser  is  subsonic.  If  this  flow  is 
supersonic,  the  efficiency  of  the  jet  compressor  will  be  low.  There  is 
some  indication,  however,  that  it  is  desirable  for  the  flow  to  enter  the 
diffuser  at  a  velocity  only  slightly  below  sonic. 

When  the  flow  of  driven  fluid  (m3)  is  zero,  the  area  A6  carries  no 
net  flow  and  could  be  closed  off  by  a  solid  surface  without  affecting 
the  flow  of  driving  fluid.  The  jet  compressor  is  then  equivalent  to-  a 
flow  channel  in  which  there  is  a  sudden  enlargement.  There  is  consider¬ 
able  literature  on  the  flow  at  a  sudden  enlargement,  and  since-  the 
problem  is  a  limiting  case  of  the  ejector  problem  it  is  worthwhile  to 
treat  the  two  problems  together.  Note  that  a  laboratory  vacuum  pump 
operating  on  a  closed  system  may  approach  the  sudden -enlargement  condi¬ 
tions  quite  closely. 

The  Supersonic  Regime .  A  jet  compressor  is  usually  operated  in  the 
supersonic  regime .  This  regime'  or  flow  pattern  is  illustrated  in  the 
upper  diagram  of  Fig.  1.  The  supersonic  regime  exists  when  any  cross 
section  of  the  mixing  tube  is  completely  filled  with  supersonic  flow. 
There  is  of  course  always  a  region  of  subsonic  flow  in  the  boundary 
layer  at  the  walls  of  the  mixing  tube,  but  in  the  supersonic  regime 
this  layer  is  thin.  The  effect  of  downstream  conditions  cannot  be  prop¬ 
agated  upstream  through  the  supersonic  flow;  hence  the  upstream  flow 
pattern  is  substantially  independent  of  downstream  conditions . 

In  Fig.  1  the  dashed  lines  extending  from  the  exit  of  the  driving- 
fluid  nozzle-  to  the  walls  of  the  mixing  tube  indicate  schematically 
the  boundary  between  supersonic  and  subsonic  flow.  The  entrance  pres¬ 
sure  P5  of  the  driving  fluid  is  usually  somewhat  higher  than  the 
entrance  pressure  P6  of  the  driven  fluid.  The  stream  of  driving  fluid 
therefore  continues  to  expand  after  it  leaves  the  nozzle  and  the  channel 
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available  for  the  subsonic  driven,  stream  converges.  Because  of  this 
convergence ,  the  driven  stream  must  accelerate  within  the  mixing 
tube-.  The  interaction  of  the  driving  and  the  driven  stream  also  ac¬ 
celerates  the  latter,  so  that  finally  all  of  the  driven  stream 
except  the  unavoidable  boundary  layer  reaches  or  exceeds  sonic  ve¬ 
locity. 

The  ends  of  the  diverging  dashed  lines  indicate  the  first  cross 
section  at  which  the  entire  mixing  tube  is  filled  with  attached 
supersonic  flow.  Downstream,  from  this  cross  section,  mixing  continues 
and  velocity  as  a  function  of  mixing-tube  radius  undoubtedly  becomes 
more-  uniform.  In.  the  downstream  portion  of  the  mixing  tube  there  is 
jnormally  an  extended  shock,,  in  which  the  supersonic  flow  is  converted 
to  subsonic  flow. 

The  supersonic  regime  is  obtained  when  the  expansion  ratio,  Pi/Ps, 
is  relatively  large.  The  exact  value  required  by  a  given  ejector 
depends  on  its  geometry  and  also  on  the  mass  rate  of  flow  of  driven 
fluid  m3..  It  is  useful  to  determine  experimentally  the  value  of  Px/Pg 
required  to  establish  the  supersonic  regime  when  m3.  is  zero.  If  then 
m3  is  made  greater  than  zero,  Px/Ps  also  will  have  to  be  increased,  if 
the  supersonic  regime  is  to  be  maintained.  When  a  jet  compressor  is 
operating  in  the  supersonic  regime,  increase  in  Pg  or  decrease  in  Pi 
will  eventually  cause  the  flow  pattern  to  change,  with  the  supersonic 
regime  giving  place  to  the  mixed  regime . 

Before  proceeding  to  discuss  the  mixed  regime,  a  few  qualifying 
remarks  will  be  made  about  the  supersonic  flow  that  (we  have  postu¬ 
lated.)  must  fill  the  entire  mixing  tube  except  for  a  thin  boundary 
layer.  The  assumption  of  supersonic  flow  over  the  entire  cross  sec¬ 
tion  comes  from  the  observed  fact  that  downstream  changes  do  not 
affect  upstream  flow.  Pearson,  Holliday,  and  Smith  (6)  have  shown 
that  there  is  a  generalized  form',  of  choked  flow,  in  which  downstream 
changes  are  not  propagated  upstream,  through  the  plane  of  choking, 
and  yet  the  flow  consists  of  two  unmixed  streams  side  by  side,  one 
supersonic,  the  other  subsonic  by  conventional  standards.  In  very 
general  terms,  the  Supersonic  nature  of  one  stream  compensates  for 
the  subsonic  nature  of  the  other  stream,  with,  the  result  that  the 
plane  of  choking  has  a  sonic  nature,  and  no  pressure  pulse  can  be  prop¬ 
agated  upstream  through  it. 

The  experimental  results  of  Pearson,  Holliday,  apd  Smith  were  ob¬ 
tained  in  very  short  mixing  tubes  (shrouds  at  the  exit  of  a  jet  engine) 
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and  it  is  not  clear  whether  or  not  similar  conditions  exist  in  a  con¬ 
ventional  ejector.  We  will  qualify  the  statements  made  in  earlier 
paragraphs  by  saying  that  any  mechanism  that  produces  a  plane  or  region 
that  isolates  the  upstream  flow  from  changes  in  downstream  conditions 
is  adequate  to  establish  the  supersonic  regime . 

The  Mixed  Regime .  The  mixed  regime  of  flow  occurs  in  a  jet  com¬ 
pressor  when  the  ratio  Pi/Ps  is  not  large  enough  to  sustain  the 
supersonic  regime.  An  ejector  operating  in  the  supersonic  regime  will 
go  over  into  the  mixed  regime  as  Pi  is  lowered  or  P8  is  raised.  The 
transition  may  be  detected  by  the  large  readjustments  in  pressure  that 
occur  as  P8  is  changed.  Changes  are  especially  noticeable  in  P3  and 
P6.  References  to  "pickup1-'  and  "break"  occur  in  the  literature. 

"Pickup"  probably  refers  to  transition  from  the  mixed  to  the  supersonic 
regime,  and  "break"  to  transition  in  the  opposite  direction. 

The  mixed  regime  is  illustrated  in  the  second  diagram  of  Fig.  1. 

The  exit  of  the  driving-fluid  nozzle  is  completely  filled  with  super¬ 
sonic  flow,  but  this  flow  does  not  completely  fill  the  mixing  tube . 
Supersonic  flow  is  limited  to  a  space  such  as  that  bounded  by  the 
dashed  line.  Inside  this  region  a  shock  pattern  exists,  through  which 
the  supersonic  flow  is  rapidly  converted  to  subsonic.  The  axis  of  the 
supersonic  core  does  not  necessarily  coincide  with  the  axis  of  the  mix¬ 
ing  tube,  but  may  go  off  at  an  angle,  as  shown  in  the  figure. 

A  subsonic  path  of  pressure  communication  exists  between  the  down¬ 
stream  and  the  upstream  ends  of  the  mixing  tube .  If  the  outlet  pressure 
P8  is  raised,  the  pressures  P6  and  P3  rise  with  it. 

The  Mixed  Regime  with  Separation.  High  values  of  the  expansion  ratio 
Pi/P8  produce  the  supersonic  regime.  Lower  values  give  the  mixed  regime 
in  which  the  flow  in  the  mixing  tube  has  changed  but  the  flow  within  the 
diverging  portion  of  the  driving-fluid  nozzle  remains  supersonic.  At 
still  lower  values  of  Pi/Ps  the  pressure  of  the  subsonic  gas  surrounding 
the  supersonic  flow  is  large  enough  to  cause  separation  of  the  flow  within 
the  driving-fluid  nozzle.  This  gives  the  mixed  regime  with  separation, 
which  is  illustrated  in  the  third  diagram  of  Fig.  1. 

The  plane  of  separation  moves  upstream  as  Pi/P8  is  decreased.  Sepa¬ 
ration  of  the  flow  is  almost  always  accomplished  through  an  oblique - 
shock  pattern.  A  single  normal  shock  would  appear  to  be  possible  but  is 
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seldom  observed..  A  core  of  separated  supersonic  flow  persists  down¬ 
stream  from  the  plane  of  separation,  as  shown  by  the  dashed  line, 
but  is  soon  converted  to  subsonic  flow. 

The  Saturated  Supersonic  Regime.  In  the  supersonic  regime,  the 
driving  fluid  enters  the  mixing  tube  at  supersonic  speed  and  the 
driven  fluid  enters  at  Subsonic  speed.  At  a  given  stagnation  pressure 
P3  of  the  driven  fluid,  the  process  that  determines  the  mass  rate  of 
flow  of  driven  fluid  (m3)  is  the  interaction  between  the  driving  and 
driven  streams  within  the  mixing  tube.  If  the  pressure  P3  is  raised, 
the  flow  of  driven  fluid  in  the  entrance  plane  will  become  sonic, 
and  the  flow  will  then  be  limited  by  choking  in  this  plane  rather 
than  by  interaction  between  the  two  streams.  This  situation  gives  the 
saturated  supersonic  regime,  which  is  illustrated  in  the  bottom,  diagram 
of  Fig.  1. 

In  the  saturated  supersonic  regime  there  appears  to  be  very  little 
change  in  the  cross  sections  of  the  two  streams  as  they  flow  through 
the  mixing  tube.  Since  plane  A6  is  a  throat,  the  driven  stream  cannot 
converge  within  the  mixing  tube.  Divergence  is  permissible,  but  this 
would  :require  Pg  to  be  greater  than  P5  and  separation  might  occur 
within  the  driving-fluid  nozzle. 

In  the  experiments  now  being  reported  the  saturated  supersonic 
regime  was  not  observed.  The  three  other  regimes  described  above  were 
all  observed.  It  seems  likely  that  the  ratio  A6/A5  in  our  apparatus 
was  too  large  for  the  saturated  supersonic  regime  to  be  conveniently 
accessible . 

The  paper  by  Fabri  and  Siestrunck  (3)  contains  shadowgrams  of 
actual  flow  patterns  illustrating  the  four  regimes  of  flow  in  ejectors. 

4- .  Experimental  Measurements 

The  present  study  contains  results  for  six  systems,  as  follows 
(the  driven  gas  is  given  first):  He: Freon-113,  He: air,  air: Freon-113, 
air:Freon-12,  air:air,  and  Freon-12:air.  For  brevity,  a  specimen  run 
has  been  selected  for  detailed  presentation,  and  the  rest  of  the  re¬ 
sults  have  been  given  in  less  detail.  The  run  selected  (run  4-5, 
air: Freon-113)  is  a  typical  one  and  exhibits  most  of  the  phenomena  of 
interest. 
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One  of  the  re quire  ire  nts  laid  down  for  the  present  experiments  was 
that  it  should  he  possible  to  measure  the  pressures  of  the  driving  and 
driven  streams  at  several  points  before  they  mixed,  and  at  the  cross 
section  where  mixing  began.  In  addition,  it  was  desired  to  measure 
pressures  at  several  points  along  the  length  of  the  mixing  tube  and  the 
diffuser.  These  requirements  were  met  by  adopting  a  new  design  for  the 
apparatus .  Our  first  apparatus  had  the  conventional  axial  symmetry, 
with  channel  cross  sections  that  were  either  circles  or  annuli;  hence 
no  measurement  of  pressure  could  be  made  on  the  driving  stream  after  it 
entered  the  nozzle.  In  the  new  apparatus  the  flow  channels  are  of  rec¬ 
tangular  cross  section.  These  channels  were  milled  in  the  flat  surface 
of  a  brass  bar,  and  when  the  apparatus  is  assembled  these  channels  are 
covered  by  a  flat,  gas-tight  lid  in  which  the  pressure  taps  are  mounted. 

Apparatus „  Figure  2  is  a  photograph  of  the  assembled  apparatus. 

The  flat  bar  containing  the  flow  channels  is  clamped  between  two  brass 
plates,  one  of  which  carries  the  pressure  taps.  Two  inlet  tubes  of  in¬ 
termediate  size  and  a  large  outlet  tube  are  mounted  in  the  same  plate 
that  carries  the  pressure  taps.  A  scale  drawing  of  the  flat  bar  con¬ 
taining  the  flow  channels  is  given  in  section  6  of  this  paper,  as  part 
of  Fig.  7.  The  locations  of  the  13  pressure  taps  are  shown  by  the 
small  dots  in  the  figure,  and  their  distances  from  the  cross  section 
where  the  entering  streams  merge  are  given  in  section  1  (Nomenclature 
and  Dimensions).  The  letters  a,  b, . . „m  beside  the  pressure  taps  are 
used  to  identify  readings  when  data  are  being  recorded. 

The  necessary  variation  in  cross  section  of  the  various  flow 
channels  is  obtained  by  varying  the  depth  of  each  channel  appropri¬ 
ately.  The  top  and  sides  of  each  channel  are  plane  surfaces, ■ but 
the  depth  of  each  channel  is  changed  as  necessary  to  obtain  the  de¬ 
sired  convergence  or  divergence.  The  depths  as  functions  of  distance 
along  the  direction  of  flow  are  specified  by  cubic  equations.  Four 
equations  were  required:  one  for  the  subsonic  part  of  the  driving- 
fluid  nozzle,  one  for  the  supersonic  part,  one  for  the  driven-fluid 
nozzle,  and  one  for  the  diffuser.  The  driven-fluid  nozzle  was  entire¬ 
ly  converging  and  the  diffuser  was  entirely  diverging.  The  cubic 
contours  each  had  zero  slopes  at  the  two  ends  and  a  point  of  inflection 
at  the  midpoint.  Each  was  symmetrical  aboxit  its  midpoint.  It  was 
thought  that  these  cubic  contours  would  be  somewhat  superior  to  simple 
ramp  functions,  and  that  more  elaborate  channel  shapes  calculated  by 
the  method  of  characteristics  were  hardly  justified. 
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Fig .  2 .  Photograph  of  the  apparatus . 
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The  channels  were  cut  with  a  milling  machine,  using  a  cutter- 
wheel  of  known  diameter  'and  a  width  equal  to  the  desired  width  of  the 
channel.  The  machinist  cut  each  channel  with  the  aid  of  a  table  of 
x,y  settings  specifying  successive,  closely-spaced  positions  of  the 
milling -machine  table .  Allowance  was  made  for  the  fact  that,  because 
of  the  finite  diameter  of  the  cutter,  the  shape,  of  the  channel  is  not 
an  exact  duplicate  of  the  path  of  the  work  relative  to  the  cutting- 
wheel  axis.  After  the  channels  were  cut  they  were  measured  with  a 
depth  gage  and  enlarged  .graphs  plotted  on  coordinate -ruled  tracing 
paper.  The  graphs  were  superposed  on  graphs  of  the  desired  curves 
and  showed  adequately  good  agreement. 

The  apparatus  gives-  constant-area  mixing.  That  is,  the  cross- 
section  area  of  the  mixing  tube  is  equal  to  the  sum  of  the  cross- 
section  areas  of  the  driving  and  driven  streams  at  the  point  where 
mixing  begins.  Constant-area  mixing  was  adopted  principally  because 
.it  is  easier  to  treat  theoretically  than  other  situations . 

The  flat  bar  containing  the  flow  channels  can  be  moved  longitudi¬ 
nally  relative  to  the  plates  between  which  it  is  clamped.  Hence  the 
positions  of  the  pressure  taps  relative  to  the  flow  channels  are  not 
fixed  but  may  be  moved  up  or  down  stream.  The  positions  of  the  taps 
given  in  section  1  were  chosen  because  they  placed  tap  c  directly 
over  the  throat  of  the  driving-fluid  nozzle .  Note  that  taps  d  and  e, 
with  which  the  pressures  at  the  beginning  of  mixing  are  measured,  are 
slightly  upstream  from  the  end  of  the  web  that  separates  the  driving 
and  the  driven  streams.  This  was  unintentional;  the  web  was  longer 
than  expected.  '  The  channel  depths  do  not  change  downstream  from  taps 
d  and  e,  and  the  pressures  observed  at  these  taps  are  believed  to.be 
quite  close  to  the  actual  mixing  pressures. 

'  In  some  preliminary  measurements,  sets  of  pressure  readings  were 
made  at  a  series  of  har  positions,  with  care  taken  to  duplicate  the 
conditions  of  flow  as  accurately  as  possible  each  time  the  apparatus 
was  reassembled  after  moving  the  bar.  The  har  was  moved  1/8  inch 
longitudinally  each  time,  until  the  observations'  covered  the  entire 
length  of  the  mixing  tube  at  1/8-inch  intervals.  This  detailed  ex¬ 
ploration  of  pressure  distribution  was  time-consuming,  and  did  not 
add  greatly  to  the  information  obtained  from  a  single  set  of  readings 
Hence  the  har  was  positioned  as  described  above  and  not  moved  during 
the  reported  measurements. 
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Pressures  were  measured,  as  in  our  previous  work  (l)  with  an  abso¬ 
lute  mercury : manometer  to  measure  the  higher  pressures  and  an  oil 
manometer  to  measure  certain  pressure  differences  with  high  accuracy. 

All  pressures  are  reported  in  mm  Hg  absolute.  Oil-column  heights  were 
converted  to  equivalent  mercury  heights  with  the  experimentally-deter¬ 
mined  density  ratio. 

Measurement  of  flow  rates  was  by  means  of  the  same  dry  gas  meters 
that  were  used  in  the  previous  work,  except  in  one  case .  Freon-113 
cannot  be  passed  through  a  dry  gas  meter  at  room  temperature  because 
its  vapor  pressure  is  less  than  1  atmosphere  and  the  higher  external 
pressure  would  cause  the  meter  to  collapse .  Freon-113  was  used  only  as 
a  driving  fluid,  and  was  metered  by  the  driving-fluid  nozzle.  The  flow 
rates  were  adjusted  by  means  of  needle  valves.  The  outlet  pressure  was 
subatmospheric,  maintained  by  a  large  vacuum  pump  of  15  cfm  capacity. 

Procedure .  The  procedures,  described  in  reference  (l)  were  followed. 
The  flow  rates  were  first  set  to  the  desired  values.  Then  the  outlet 
pressure  Pa  was  lowered  until  the  compression  ratio  PB/P3  was  near  unity, 
and  a  set  of '.pressure  measurements  was  made.  Such  a  set  of  measurements 
we  refer  to  as  an  experimental  point.  After  each  point,,  the  value  of  Pa 
was  increased  and  the  process  repeated.  A  run  consisted  of  from  10  to  25 
points,  at  increasing  values  of  Pa,  made  without  changing  the  flow  rates. 

Compression- ratios  P3/P3  were  computed  and  plotted  as  each  run  pro¬ 
gressed,  so  that  the  measurements  would  be  suitably  spaced  and  so  that 
all  regions  of  interest  would  be  covered.  The  two  flow  rates  mi  and  m3 
were  measured  at  the  beginning  and  end  of  each  run,  and  at  as  many  inter¬ 
mediate  times  as  conditions  required.  The  entrainment  ratio  to,  which  is 
the  ratio  of  the  flow  rates  of  driven  and  driving  fluids  (m3/ mi ) ,  ordinar¬ 
ily  remained  constant  within  1  per  cent  or  better  during  a  single  run. 
Between  one  run  and  another,  fflx  was  normally  held  at  the  same  value  and 
m3  was.  changed. 

Effect  of-  Varying  the  Outlet  Pressure,  and  Calculation  of  Efficiency. 

As  the  outlet  pressure  Pa  is  increased,  the  entrainment  ratio  being  held 
■constant,  the  compression  ratio  first  rises,  then  falls.  Under  certain 
conditions  it  may  rise  again  to  a  second  'maximum  and  fall  again  as  P8 
is  increased.  Figure  3  shows  the  compression  ratio  Pa/P3  plotted 
against  outlet  pressure,  for  8  runs  made  on  the  system  air; Freon-113. 

The  entrainment  ratio  for  each  run  is  indicated  beside  it  on.  the  graph. 


Compression  Ratio 


Fig.  3.  Compression  ratio  P8/P3  versus  outlet  pressure  P8 
for  8  selected  runs  on  the  system  air:Freon-113. 
Runs  36,  39,  40,  42,  44,  45,  51,  55  are  shown.  To 
identify  runs,  find  co-values  in  Table  2c. 
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The  specimen  run  45,  which  has  been  selected  for  complete  presen¬ 
tation,  is  included  in  the  group.  It  may  be  identified  by  its  entrain¬ 
ment  ratio,  which,  was  0.04l.  There  were  9  additional  runs  made  on  the 
system  air: Freon-113  (l7  in  all).  These  runs  were  of  course  plotted 
when  the  data  were  being  analyzed,  but  have  been  omitted  from  Fig.  3  to 
avoid  confusion., 

Numerical  data  for  the  specimen  run  (Run  45)  are  given  in.  Table  1, 
parts  a  and  b.  This  run  consisted  of  25  points  (sets  of  pressure 
measurements)  designated  4-5.1,  45-2...  45-25,  the  number  following  the 
decimal  point  indicating  rank  in  order  of  increasing  P8.  Seven  of  the 
25'  points  (as  indicated  in  the  column  headings)  are  included  in  Table  1. 
All  25  points  are  shown  in  Fig.  3* 

All  data  for  all  the  systems  studied  were  plotted  as  in  Fig.  3>  The 
next  step,  also  carried  out  for  all  data,  was  to  compute  the  efficiency 
of  the  compression  process..  The  formula  for  efficiency  was  derived  in 
reference  (l).  It  is 


Tf  =  AD  (l) 

■  '  J~hV..-‘  iTib 

wherein.  T]  is  efficiency,  hs  -  h3  is  the-  isentropic  enthalpy  rise  of  unit 
mass  of  driven  fluid  between  its  initial  state  3  and  the  outlet  pressure 
Fa,  and  hi  -  hi0  is  the  isentropic  enthalpy  drop  of  unit  mass  of  driving 
fluid  between  its  initial  state  1  and  the  outlet  pressure  Pe.  This  form 
of  the  efficiency  equation  was  used  in  the  early  part  of  the  present  work 
Enthalpies  were  taken  from  various  tabulations,  particularly  from  the.  Gas 
Tables  of  Keenan  and  Kaye  (j) . 

While  the  measurements  were  being  made,  it  became  possible  to  calcu¬ 
late  the  data  on  an  IEM-65O  computer.  Since  the  use  of  tables  is  rela¬ 
tively  much  more  difficult  for  a  machine  than  for  a  human  computer,  Eq. 
(1)  is  not  well  suited  for  machine  computations.  The  use  of  tabulated 
enthalpies  was  therefore  given  up  and  enthalpies  were  expressed  in  the 
form  of  equations.  If  c  ,  the  heat  capacity  of  a  gas  at  constant  pres¬ 
sure,  is  constant,  its  enthalpy  is  given  by 

h  -  h0  =  c  (T  -  T0)  • 

P 
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where  the  subscript  zero  refers  to  some  reference  state  such  as  the 
stagnation  state .  Along  an  isentrope 

k-1 

.  v  T" 

T/Tq  =  (P/P0) 

where  k  is  cp/cv,  the  ratio  of  the  specific  heats  at  constant  pres¬ 
sure  and  at  constant  volume-.  Using  these  relations,  Eq.  (l)  may  be 
written 


T)  =  £13 


C 

P3 


t3 


cpiTi 


(2) 


where  T3  is  the  stagnation  temperature  of  the  driven  stream,  the 
stagnation  temperature  of  the  driving  stream;  cp3  and  k3  refer  to  the 
driven  stream,  and  cpx  and  ki  refer  to  the  driving  stream. 

Equation  (2)  was  used  instead  of  Eq..  (l)  in  the  machine  computa¬ 
tions.  All  specific  heats  and  k-values  were  treated  as  constants. 

A  few  sets  of  observations  were  computed  both  with  Eq.  (l)  and.  with 
Eq.  (2),  and  the  differences  were  found  to  be  negligible  for  our  pur¬ 
poses  . 

Figure  4  shows  efficiency  as  a  function  of  outlet  pressure,  for  4 
of  the  runs  shown  in  Fig.  3.  The  efficiency  curves  are  somewhat  dis¬ 
torted  reproductions  of  the  corresponding  compression-ratio  curves. 

It  is  clear  from  Eq.  (2)  that  this  should  be  expected.  The  numerator 
follows  the  variation  in  Pa/P3.  The  denominator  decreases  somewhat 
as  Pa/Pi  increases.  The  result  is  that  r)  follows  the  variations  in 
Pa/P3  but  with  r)  rising  relatively  higher  than  Pa/P3  at  high  values 
of  Pa. 


In  Fig.  4  many  of  the  curves  cross  each  other,  and  they  tend  to 
pile  up  at  low  values  of  Pa.  For  this  reason  only  4  of  the  8  curves 
of  Fig.  3  are  included  in  Fig.  4.  Three  of  the  four  curves  in  Fig.  4 
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TABLE  1. 


DATA  FOR  RUN  45.  This  run  is  the  specimen  run  for  whi'ch  data  and 
computations  are  presented  much  more  completely  than  for  any  of  the  other 
runs.  System:  air :  Freon- 1 1 3. 


Point  — 

45.  1 

45.  5 

45.  9 

45.  13 

45.  17 

45.  21 

45.  25 

a.  Flow  rates,  pressure 

ratios,  efficiencies 

,  etc. 

mi,  lbm  hr 

2.  474 

2.  474 

2.  482 

2.  474 

2.  482 

2.474 

2.467 

rn,(  lbm  hr 

0.  104 

0.  103 

0.  103 

0.  102 

0.  101 

0.  100 

0.  100 

1x17  =  1:11!  +  m3 

2.  578 

2.  577 

2.  585 

2,  576 

2.  583 

2.  574 

2.  567 

0)  =  mi/mi 

0. 0421 

0.  0417 

0.  0413 

0.  0412 

0.  0408 

0.  0406 

0.  0404 

Pg/Pj  =  compression  ratio 

1.  150 

1.  716 

1.  860 

1.  389 

1,  356 

1.  220 

1.  117 

Pg/Pj  =  expansion  ratio 

0.  098 

0.  141 

0.  171 

0.  206 

0.  262 

0.  357 

0.472 

P6/P5  =  mixing-pressure  ratio 

0.  659 

0.  649 

0.  738 

1.  144 

1.  157 

1.  262 

1.  184 

P5/P1 

0.  125 

0.  122 

0.  121 

0.  128 

0.  166 

0.  231 

0.  356 

=  ordinary  efficiency 

0.  0182 

0.  0862 

0.  1093 

0.  0615 

0.  0659 

0.  0540 

0.  0402 

n  =  efficiency  based  on 
a 

0.  016 

0.  074 

0.  094 

0.  055 

0.  060 

0.  051 

0.  039 

availability 


b.  Pressures,  mm  Hg 

Tap  a  ( P^ 

152.  0 

152.  0 

152.  5 

152.  0 

152.  5 

152.  0 

151.  5 

b  (P3) 

13.  0 

12.  5 

14.  0 

22.  5 

29.  5 

44.  5 

64.  0 

c  iP  ) 

90.  5 

90.  5 

90.  5 

90.  5 

90.  5 

90.  5 

90.  0 

d  (P6) 

12.  51 

12.  04 

13.  58 

22.  24 

29.  30 

44.  37 

63.  93 

e  (  PS) 

18.99 

18.  55 

18.  39 

19.  44 

25.  33 

35.  16 

53.  97 

f 

9.39 

8.  89 

13.  80 

22.  21 

29.  30 

43.  95 

63.  74 

g 

9.  06 

8.59 

12.  27 

22.  34 

29.  70 

44.  14 

63.  97 

h 

10.  33 

9.  86 

17.  74 

22.  89 

30.  64 

46.  03 

66.  21 

i 

10.  72 

11.  36 

21.  26 

25.  01 

33.  47 

49.  45 

69.  37 

j  (p7) 

12.45 

17.  77 

22.  56 

27.  35 

36.  66 

52.  12 

70.  18 

k 

11.  63. 

19.  66 

24.  29 

28.  94 

38.  45 

53.45 

71.  00 

1 

14.  07 

20.  60 

25.  33 

30.  34 

39.  59 

54.  10 

71.  39 

m  (  Pg) 

14.  95 

21.  45 

26.  04 

31.  26 

40.  01 

54.  27 

71.  49 
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TABLE  1  (Continued) 

Point  — * 

45.  1 

45.  5 

45.  9  45.  13  45.  17  45.  21 

c.  Momentum- flux  balance 

45.  25 

A  _  A 

u5,  Btuf  Ibm  f 

4.  50 

4.  58 

4.  62 

,,  4.  42 

3.  57 

2.66 

1.  78 

uj,  Btuf  lbm  f 

1.  04 

1.  08 

0.  95 

0.58 

0.44 

0.  28 

0.  20 

u7,  Btu2  lbm  2 

3.  09 

2.  23 

1.  78 

1.  48 

1.  11 

0.  78 

0.  58 

rfljU5  +  P5A5 

13.  82 

13.  96 

14.  08 

13.69 

12.45 

11.  57 

12.02 

rti3u6  +  P6A+ 

4.  70 

4.  59 

4.  90 

7.  01 

8.  91 

13.  09 

18.  66 

m7u7  +  P7A7 

13.  33 

13.  40 

14.  31 

15.  57 

18.  64 

24.  44 

31.  69 

Input  minus  output, 

5.  19 

5.  15 

4.  67 

5.  13 

2.  72 

0.  22 

-1.  01 

without  separation 

x  =  fraction  of  A5  carrying 

1 

1 

1 

0.  968 

0.  808 

0.  652 

0.  512 

the  flow 

USX 

. 

_ 

4.  53 

4.  26 

3.  87 

3.  29 

rtilu5x  +  P5A5 

Input  minus  output, 

" 

" 

13.  96 
5.40 

14.  15 

4.  42 

14.  56 
3.  21 

15.  76 
2.  73 

with  separation 

Pfr 

ufr 

11.  70 

12.  60 

18.  12 

23.  67 

31.  52 

46.  28 

65.  71 

3.  27 

3.  06 

2.  20 

1.  70 

1.  29 

0.  88 

0.  62 

A(m7u7  +  P?A7)fr 

3.  10 

2.  90 

2.  09 

1.  61 

1.  22 

0.  83 

0.  59 

Input  minus  output, 

2.  09 

2.  25 

2.  58 

3.  79 

3.  20 

2.  38 

2.  14 

with  separation  and 
friction 

d.  Losses  and  gains  of  available 
Losses  are  negative,  gains 

energy  in 
;  positive* 

the  driving  fluid. 

Total  change,  Btu  hr 

-32.  22 

-27. 24 

-24.  63 

-21.  98 

-18.  66 

-14.  31 

-10.40 

Acceleration- 

% 

-6.  4 

-  5.  0 

-3.  9 

-6.  1 

-6.  1 

-5.9 

-4.  2 

Mixing  tube 

% 

-62.  3 

-75.  5 

-79.  9 

-86.  1 

-87.  5 

-88.  5 

-90.9 

Mixing  tube  Useful  work 

% 

-  2.  3 

-  6.  6 

-8.  6 

-4.  2 

-4.9 

-4.  4 

-3.  5 

Deceleration 

% 

-29.  4 

-11.  8 

_  6.  5 

-2.  1 

-  0.  3 

-  0.  5 

-1.  0 

Deceleration  useful  work 

% 

4-0.  4 

-1.  1 

-  1.  1 

-  1.  5 

-1.2 

-0.  7 

-0.  4 

Total  change 

% 

'-100.  0  -100.  0 

e.  Losses  and 
Losses 

-100.0  -100.0  -100.0  - 

gains  of  available  energy  in 
are  negative,  gains  positive 

-100.0  -100.0 

the  driven  fluid. 

- 1 

Total  change,  Btu  hr 

0.  53 

2.  02 

2.  31 

1.  22 

1.  12 

0.  73 

0.  40 

Acceleration 

% 

-16.  8 

-4.  0 

-2.9 

-2.  1 

-1.  4 

-0.  9 

-0.  5 

Mixing  tube 

% 

+  139.  8 

+  89.  6 

+  91.  1 

+  76.  0 

+  81.  5 

+  87.  3 

+  90.4 

Deceleration 

% 

-23.  0 

+  14.4 

+  11.  8 

+  26.  1 

+  19.  9 

+  13.  6 

+  10.  1 

Total  change 

% 

+  100.  0 

+  100.  0 

+  100.  0 

1? 

+  100.  0 

+  100.0  ■ 

+  100.  0 

+  100.  0 

0.0  5 


O 
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show  two  peaks  of  maximum  efficiency.  The  peak  occurring  at  the 
lower  value  of  P8  is  associated  with  the  supersonic  regime  and  the 
other  is  associated  with  the  mixed  regime.  Evidence  to  confirm 
this  statement  is  presented  later. 

Effect  of  Varying  the  Entrainment  Ratio'.  After  efficiency  had 
been  plotted  against  outlet  pressure,  the  peak  value  or  values  of 
efficiency  were  read  from  each  curve.  The  values  th:us  obtained 
(designated  i]max)  are  given  in  Table  2,  along  with  the  associated 
values  of  oiitlet  pressure,  entrainment  ratio,  and  other  relevant 
data.  Table  2  contains  all  the  runs  made  on  each  of  the  six  systems 
studied.  Rote  that  every  line  of  Table  2  represents  an  entire  run. 

Since  the  specimen  run  45  was  only  partially  presented  in  Table  1,  it 
is  clear  that  a  large  body  of  experimental  data  is  summarized  in 
Table  2 . 

It  is  illuminating  to  plot  from  Table  2  a  graph  of  maximum  effi¬ 
ciency  versus  entrainment  ratio.  This  has  been  done  in  Fig.  5*  Each 
point  in  this  figure  represents  the  maximum  (or  one  of  the  maxima)  of 
a  curve  such  as  those  in  Fig.  4.  Each  curve  is  labeled  to  show  the 
system  of  gases  to  which  it  refers.  The  graph,  has  been  drawn  in  two 
sections,  so  that  the  curves  could  be  spread  out  and  confusion  avoided. 
Rote  that  the  two  abscissa  scales,  which  are  logarithmic,  have  ranges 
that  partially  overlap. 

Most  of  the  curves  have  two  branches.  The  branch  identified  by 
the-  letter  S  is  associated  with  the  supersonic  regime  of  flow';  the 
branch  identified  by  the  letter  M  is  associated  with  the  mixed  regime . 

The  curve  for  the  system  Freon-12: air  has  no  supersonic  branch.  The 
system  air: air  has  two  supersonic  branches,  labeled  SI  and  S2  in  Fig.  5 • 
The  SI  and  S2  branches  are  discussed  in  Section  10. 

Effect  of  Using  Different  Gases.  In  our  previously-reported  exper¬ 
iments  we  found  that  the  efficiency  attainable  with  a  given  system  of 
gases  was  strongly  influenced  by  their  molecular -weight  ratio.  Low 
values  of  this  ratio  (W3/Wi  —  driven/driving)  were  found  to  be  associated 
with  high  efficiencies,  and  high  values  associated  with  low  efficiencies. 
A  similar  dependence  is  shown  by  the  data  in  Fig.  5» 

Maximum  values  of  efficiency  were  read  from  the  curves  of  Fig.  5  and 
are  given  in  Table  3,  together  with  other  data  showing  the  conditions 
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TABIE  2.  HIGHEST  EFFICIENCIES  ACHIEVED  BY  VAHYING  P8  AT  CONSTANT  <u  (t) 
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under  which  the  maxima  were  achieved.  The.  procedure  followed  was 

similar  to  that  applied  to  the  curves  of  the  type  of  Fig.  4-,  which 

yielded  the  values  of  T)  _  plotted  in  Fig.  5-  The  maximum  values 

max 

found  from  Fig.  5  are  designated  r|2  to  indicate  that  they  result  from 
maximizing  the  efficiency  with  respect  to  two  variables:  Pa  and  CD. 

The  value  of  q2  for  each  system  of  gases  is  plotted  in  Fig.  6 
against  the  molecular -weight  ratio  of  the  gases.  For  the  present  ap¬ 
paratus  there  are  two  curves,  designated  S  and  M  respectively;  the  S 
indicates  results  obtained  in  the  supersonic  regime  and  the  M  indi¬ 
cates  results  obtained,  in  the  mixed  regime.  For  comparison,  the  re¬ 
sults  obtained  with  our  previous  apparatus  are  included.  The  curve 
representing  these  results  is  designated  M  because  it  corresponds  to 
the  mixed  regime.  The  supersonic  regime  was  not  observed  in  the 
earlier  work;  hence  the  figure  contains  no  S-c'urve-  for  the  earlier 
apparatus . 

5 •  Comparison  of  Present  and  Previous  Results 

In  our  earlier  experiments,  the  supersonic  regime  of  flow  was 
never  attained.  After  this  regime  had  been  observed  and  studied  in 
the  present  apparatus,  attempts,  were  made  to  establish  it  in  the 
first  apparatus,  but  without  success.  The  supersonic  regime  is  most 
readily  established  at  low  entrainment  ratios  (or  at  zero  entrain¬ 
ment).  In  this  condition  the  driving  fluid  continues  to  expand  out¬ 
side  its  nozzle. 

The  amount  of  expansion  required  to  fill  the  mixing  tube  with 
supersonic  flow  depends  on  the  area  ratio:  Ay/A*,  in  which  A7  is  the 
mixing -tube  cross  section,  and  A*  is  the  cross  section  of  the  throat 
of  the  driving-fluid  nozzle.  The  second  apparatus,  which  was  used 
in  the  present  measurements,  had  A7/A*  =  7.00.  The  first  apparatus 
had  A7/A*  =  9 >93*  Apparently  this  difference  was  great  enough  so 
that  the  supersonic  regime  could  be  established  easily  in  the  second 
apparatus  and  not  at  all  in  the  first.  The  outlet  pressure  P8  is 
also  a  limiting  factor,  but  it  was  produced  by  the  same  vacuum  pump 
in  both  cases.  Presumably  if  a  pump  of  higher  capacity  had  been  avail¬ 
able,  so  that  lower  values  of  Pa/Pi  could  have  been  reached,  it  would 
have  been  possible  to  establish  the  supersonic  regime  in  both  apparatuses. 

Another  factor. that  may  have  contributed  to  the  difficulty  of  estab¬ 
lishing  supersonic  flow  in  the  first  apparatus  was  the  fact  that  most  of 
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the  necessary  expansion  to  fill  the  mixing  tube  would  have  had  to  take 
place  outside  the  driving-fluid  nozzle .  For  the  first  apparatus  Ag/A* 
was  1.42,  in  comparison  to  2. 30  for  the  second  apparatus.  Expansion 
inside  a  nozzle  that  guides  the  flow  may  involve  less  loss  than  expan¬ 
sion  where  the  stream  is  surrounded  by  stagnant  or  slow-moving  gas. 

As  may  be  seen  in  Fig.  6,  the  highest  efficiency  achieved  with  the 
present  apparatus  was  0.125;  this,  is  only  one  fourth  the  high  of  OA89 
achieved,  with  the  previous  apparatus.  However,  the  previous  high  was 
attained  at  a  compression  ratio  of  only  I.O65,  while  the  present  high 
was  attained  at  a  compression  ratio  of  1.590-  A  ratio  of  I.O65  would 
be  useful  only  in  ventilation  or  other  gas-moving  applications.  .A. 
ratio  of  1.590,  while  still  low,  is  much  nearer  to  the  requirements  of 
most  jet-compressor  applications. 

The  high  efficiencies'  and  low  compression  ratios  obtained  with  the 
first  apparatus  appear  to  be  associated  with  a  relatively  small  mis¬ 
match  in  the  velocities  of  the  driving  and  driven  streams.  The  greater 
mismatch  in  velocity  found  in  the  present  apparatus  is  associated  with 
a  larger  value-  of  the  area  ratio  A5/A*  and  a  smaller  value  of  the  area 
ratio  A6/A5,  than  that  of  the  first  apparatus.  Also,  in  the  present 
apparatus  the  maximum  efficiencies  occurred  at  lower  entrainment  ratios 
than  in  the  first  apparatus.. 

In  the  first  apparatus  A6/A5  was  5-97?  in  the  present  apparatus  it 
was  Z.Ok.  Presumably  if  this  ratio  were  reduced  still  further  the 
trend(£oward  greater  velocity  mismatch,  higher  compression  ratio,  lower 
efficiency,  and  lower  entrainment  ratio  at  maximum  efficiency  would  conn? 
tinue . 

60  .Identification,  of  the  Various  .Regimes  of  Flow 

The  experimental  results  presented  thus  far  are  mainly  compression 
ratios  and  efficiencies.  These  quantities  are  based  on  measurements, 
made  outside  the  jet  compressor.  We  have  referred  to  various  regimes  of 
flow  in  the  course  of  the  presentation,  but  the  compression  ratios,  ex¬ 
pansion  ratios,  and  efficiencies  are  independent  of  any  assumptions 
regarding  what  happens  inside  the  jet  compressor. 

We  will  now  examine  the  pres sure -patterns  that  exist  inside  the  ejector 
and  show  how  they  permit  the  various  regimes  of  flow  to  be  identified. 
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Figure  7  shows  pressures  measured  within  the  apparatus  during  the 
specimen  run  45*  These  pressures  have  been  normalized  by  dividing  by 
the  driving -fluid  initial  stagnation  pressure  Pi,  and  P/Pi  has  been 
plotted  as  a  function  of  position  within  the  apparatus .  A  drawing  at 
the  top  of  the  figure  shows  the  locations  of  the  various  pressure  taps. 
Both  views  are  drawn  to  the  scale  of  the  graph  below,  except  that  in 
the  lower  view,  where  the  depths  of  the  flow  channels  are  shown,  the 
vertical  scale  has  been  doubled  to  improve  clarity. 

The  supersonic  regime,  which  we  characterized  as  one  in  which 
changes  in  downstream  conditions  have  no  appreciable  influence  on 
upstream  conditions,  is  represented  in  Fig.  J  by  points  45*1  and 
45.5.  Note  that  between  these  two  points  the  outlet  pressure  P8  has 
been  raised  substantially,  but  there  has  been  no  change  in  the  up¬ 
stream  pressure  distribution.  (The  small  constant  displacement  of 
curve  45.5  from  45-1  from  tap  b  to  tap  h  is  not  significant.  It  re¬ 
sults  from  the  nature  of  the  manometric  system.  Pressure  P3  was  read 
on  a  mercury  manometer.  All  other  pressures  except  Px  and  P*  were 
read  on  an  oil  manometer  which  gave  P  -  P3.  Hence  a  change  or  an  error 
in  P3  could  shift  an  entire  curve  upward  or  downward.)  When  upstream 
pressures  are  independent  of  downstream  pressures,  we  know  that  the 
supersonic  (or  possibly  the  saturated  supersonic)  regime  exists. 

Curve  45. 9,  which  lies  next  above  the  two  curves  just  discussed, 
is  near  the  limit  of  the  supersonic  regime .  The  isolation  of  the  up¬ 
stream  portion  of  the  driven  stream  from  downstream  influence  is  be¬ 
ginning  to  break  down.  The  rise  in  P8  has  definitely  affected  the 
pressure  at  tap  h,  and  the  curve  extending  back  to  tap  b  (where  P3  is 
measured)  has  been  raised  by  an  amount  somewhat  greater  than  the  un¬ 
certainty  of  measurement  (0.5  mm  Hg  change  in  the  reference  pressure 
can  be  detected).  It  will  be  recalled  that  both  the  mixed  regime  and 
the  mixed  regime  with  separation  are  characterized  by  a  coupling  be¬ 
tween  Pa  and  P3,  so  that  the  two  pressures  rise  and  fall  together. 

Curve  45.13  is  far  within  the  mixed  regime.  In  fact,  as  will  be 
shown  later,  separation  is  incipient  at  this  point.  In  the  present 
experiments,  separation  has  been  deduced  from  calculations  of  momentum- 
flux  balance,  and  separation  has  been  assumed  where  the  balance  condi¬ 
tions  could  not  be  satisfied  without  some  such  assumption.  Observed 
values  of  the  pressure  P5  at  the  driving-nozzle  exit  confirm  the  assumed 
separation..  Separation  within  the  driving-fluid  nozzle  definitely  occurs 
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Fig.  7.  Pressure  variation  along  the  flow  channels  in  run  45.  The 
abscissa  is  distance  measured  from  the  inlet  end  of  the  flat  bar.  The 
ordinate  is  pressure  divided  by  the  corresponding  inlet  pressure.  A 
drawing  of  the  flat  bar  and  the  flow  channels  cut  in  it  is  given  at  the 
top. 
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for  curve  45*3  7  and  for  the  two  curves  lying  above  it.  In  the  mixed 
regime-,  and  the  mixed  regime  with  separation,  the  pressure  difference 
P8  -  P3  remains  roughly  constant  as  the  two  pressures  increase. 

The  saturated  supersonic  regime  does  not  appear  in  Fig.  7*  Our 
evidence  for  this  fact  is  obtained  by  calculating  u6,  the  velocity 
of  the  driven  stream  at  the  beginning  of  mixing.  This  velocity,  cal¬ 
culated  from  the  observed  pressure  P6,  is  given  in  Table  1,  part  c. 

The  sonic  velocity  c*  that  the  stream  would  reach  in  choked  flow  is 
-  1  -.1 

0.51  Btu2  Tbnr-'  a.  This  value  was  calculated  on  the  assumption  that 
the  stagnation  temperature  (room-tempe nature )  of  the  air  was  530°R. 

The  calculated  values  of  U6  in  Table  1  are  all  well  below  c* . 

Unless  the  downstream  pressure  is  very  low  -  lower  than  it  would 
ever  be  in  an  ejector  operating  at  good  efficiency  -  there  is  always 
more  or  less  subsonic  flow  in  the  downstream  portion  of  the  mixing 
tube.  When  the  supersonic  regime  exists,  the  conversion  to  subsonic 
flow  within  the  mixing  tube  ta.kes  place  in  an  extended  shock.  In 
point  45.1,  Fig.  7,  there  is  a  slight  rise  in  pressure  between  taps  i 
and  j,  which  may  be  the  result  of  friction,  or  possibly  the  beginning 
of  an  extended  shock.  In  point  45-5  the  rise  is  much  more  noticeable, 
and  is  clearly  the  beginning  of  an  extended  shock.  In  point  45-9  the 
extended  shock  has  been  pushed  farther  upstream  by  the  higher  value 
of  P8.  The  rise  in  pressure  has  penetrated  upstream  to  taps  f  and  g, 
and  the  attached  supersonic  flow  is  about  to  be  "pried  loose"  from 
the  mixing -tube  walls  by  the  subsonic  flow  and  boundary  layer  associated 
with  the  extended  shock. 

It  is  instructive  to  look  at  Fig.  3  and.  note  the  relationship  be¬ 
tween  the  shape  of  the  compression-ratio  curve  and  the  change  from  one 
flow  regime  to  another.  According  to  Fig.  7,  point  45 * 9  shows  the 
beginning  of  breakdown  of  the  supersonic  regime  into  the  mixed  regime. 

In  Fig.  3,  the  specimen  run  45  may  be  identified  by  its  entrainment 
ratio  (0.041) .  Point  45-9  is  the  ninth  point  of  this  run,  in  order  of 
increasing  Pa,  and  lies  slightly  beyond  the  supersonic  maximum.  Point 
45.13;  which  is  near  the  dividing  line  between  the  mixed  regime  and  the 
mixed  regime  with  separation,  lies  at  the  bottom  of  a  small  minimum  in 
the  compression-ratio  curve. 

The  transition  from  the  supersonic  to  the  mixed  regime  is  sometimes 
continuous,  as  it  was  in  the  specimen  run  45.  In  such  a  case  it  is 
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possible  with  care  to  obtain  measurements  at  any  point  on  the  compres¬ 
sion-ratio  curve  (Fig.  3) •  In  other  cases  the  transition  is  discon¬ 
tinuous  and  a  portion  of  the  right-hand  side  of  the  supersonic  peak  is 
unrealizable.  Sometimes  hysteresis  is  observed  and  the  curve  has  two 
branches  that  overlap  for  a  small 'range  of  P8.  When  this  range  is 
approached  by  increasing  Pa  the  supersonic  range  persists,  and  when  it 
is  approached  by  decreasing  Pa  the  mixed  regime  persists. 

The  division  between  the  supersonic  and  mixed  regimes  is  at  the  dis¬ 
continuity  if  one  exists..  Where  no  discontinuity  exists,  we  have  some¬ 
what  arbitrarily  placed  the  division  at  the  value  of  P8  at  which  the 
curve  of  Pa/P3  has  fallen  halfway  from  its  supersonic  maximum  to  the 
following  minimum. 

In  Fig.  3,  the  three  curves  of  highest  entrainment  ratio  show  no 
supersonic  maxima.  This  is  not  unexpected.  The  driven  fluid  enters 
the  mixing  tube  relatively  slowly,  usually  at  a  velocity  less  than  1/4 
of  c*,  its  sonic  velocity  in  choked  flow.  At  high  entrainment  ratios 
the  driving  stream  is  not  able  to  raise  the  mixture  to  supersonic 
velocity  (or  to  produce  the  conditions  where  the  generalized  choking 
noted  by  Pearson,  Holliday,  and  Smith  (6)  occurs). 

•  The  rise  in  pressure  between  taps  g  and  j ,  shown  by  most  of  the 
Curves  in  Fig,  7,  has  been  explained  for  curves  45.1,  45-5,  and  45-9 
as  due  to  an  extended  shock  in  the  downstream  portion  of  the  mixing 
tube.  The  four  remaining  curves  lie  in  the  mixed  regime  and  the  mixed 
regime  with  separation,  yet  they  also  show  the  rise  in  pressure .  The 
pressure  rise  in  these  curves  is  due  to  the  conversion  of  the  super¬ 
sonic  core  of  flow  to  the  subsonic  state,  by  a  mechanism  somewhat 
similar  to  an  extended  shock. 

It  is  possible  for  a  pressure  rise  to  continue  in  the  mixing  tube 
after  all  of  the  flow  is  subsonic.  Such  a  pressure  rise  can  occur  as 
a  result  of  equalization  of  velocity,  as  a  higher-speed  core  shares 
its  momentum  with  lower-speed  flow  near  the  mixing-tube  walls .  The 
effect  must  of  course  be  large  enough  to  overcome  the  natural  pressure 
drop  in  subsonic  flow  due  to  friction. 

7*  Momentum-Flux  Balance 

As  a  test  of  the  picture  of  jet-compressor  operation  presented 
above,  calculations  were  made  to  see  if  the  momentum  equation  was 
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satisfied.  We  define  equivalent  momentum-flux  as  the  sum  of  the  true 
momentum  flux  mu  and  the  pressure  force  PA.  Then,  in  a  constant-area 
control  volume  such  as  those  illustrated  in  Fig.  1,  input  must  equal 
output  plus  friction  loss.  Any  imbalance  not  attributable  to  friction 
must  be  attributed  to  an  incorrect  picture  of  the  process  and  result¬ 
ing  incorrect  calculated  values.  The  equations  of  energy  and  continu¬ 
ity  must  also  be  satisfied,  but  they  offer  few  problems.  The  gases  may 
suffer  a  slight  gain  or  loss  of  heat  as  they  pass  through  the  ejector, 
but  in  a  previously-reported  investigation  (l)  this  was  found  to  be 
negligible  and  heat  transfer  is  believed  to  be  unimportant  in  the 
present  work. 

Input  and  output  equivalent  momentum-flux  have  been  computed  for 
certain  selected  runs.  A  simple  calculation  based  on  one -dimensional 
flow  of  all  streams  gives  a  fairly  good  balance  between  input  and 
output  in  some  regions  of  operation,  when  friction  is  taken  into  ac¬ 
count.  In  other  regions  of  operation  it  is  necessary  to  assume  some 
mechanism  such  as  separation  in  order  to  calculate  a  reasonable  equiv¬ 
alent  momentum-flux  balance . 

One -Dimensional  Calculation  Without  Separation.  Consider  a  control 
volume  bounded  by  the  walls  of  the  mixing  tube  (Fig.  l),  the  entrance 
plane  5 >6  and  the  exit  plane  7.  Ignoring  friction,  the  momentum-flux 
equation  for  this  volume  is 


rnyU'T- "^PyAy  =  mxU5+P5A5  +iH3U6+PeA6 « 


(5.) 


The  pressures  P5>  P6>  and  P7  are  all  known  from  measurement.  Applying 
the  equations  of  continuity  and  energy  and  the  ideal  gas  law,  the 
velocities  ug,  U6,  and  u^  can  be  calculated  from  the  corresponding 
pressures.  For  one -dimensional  flow 

1. 

u  =  -y  +  (y2  +  2  Cp  Tp)  2  (4) 


rfiere  y  =  PAc  /mR,  T 
3.  is  its  gas  constan? . 


is  the  stagnation  temperature  of  the  stream,  and 


Calculations  based  on  Eq.  (3)  and  (4)  have  been  made  for  runs  1 6, 
19,  23,  45,  and  49.  Results  for  the  specimen  run  45  are  given  in 
Table  1,  part  c.  Units  of  the  various  quantities  are  given  in  i^he 
table,  and  the  conversion  factor  14.155  in  2  (mm  Hg)  1  Btu2  lbm2  hr  1 
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has  been  used,  where  necessary.  The  input  and.  output  are  plotted  as 
solid  lines  in  Fig.  8a.  Part  b  of  the  figure  shows  similar  calcula¬ 
tions  made  for  run  19.  For  both  runs  the  solid  curves  cross,  showing 
that,  on  a  one -dimensional  basis,  the  calculated  output  becomes 
greater  than  the  calculated  input. 

When  input  exceeds  output,  the  difference  can  be  attributed  at  „ 
least  in  part  to  friction,  but  when  output  exceeds  input  we  know  that 
the  calculated  results  are  in  error.  Runs  l6,  23,  and  k-9  also  showed 
an  excess  of  momentum-flux  output  over  input  for  part  or  all  of  the 
range  of  P8.  Hence  it  was  necessary  to  look  for  a  flow  pattern  that 
would  give  either  a  lower  output  or  a  higher  input  than  simple  one- 
dimensional  flow  without  separation. 

Calculation  with  Separation  Assumed.  The  most  plausible  way  to 
remove  the  paradox  of  calculated  output  exceeding  calculated  input  is 
to  assume ; separation  in  the  driving-fluid  nozzle.  When  separation 
occurs,  the  supersonic  stream  separates  from  the  walls  of  the  nozzle 
at  some  plane  lying  between  the  throat  and  the  exit  plane  of  the 
nozzle,  as  shown  in  the  third  diagram  of  Fig.  1.  Equation  (3)  which 
assumes  one -dimensional  flow  in  As,  A6,  and  A7,  may  be  applied  in  the 
supersonic  and  mixed  regimes,  but  not  if  separation  occurs. 

The  assumption  that  separation  exists  must  be  made  quantitative 
in  some  way.  That  is,  we  must  make  a  model  of  the  separated  flow 
from  which  numerical  computations  of  input  momentum-flux  can  be  made . 
First  we.  will  imagine  a  cone  lying  within  the  diverging  part  of  the 
driving  fluid  nozzle.  This  cone  joins  the  nozzle  walls  at  the  plane 
of  separation  and  extends  to  the  nozzle  exit  plane  A5 .  This  imaginary 
cone  carries  all  of  the  net  flow  after  separation.  Its  exit  area  is 
xA5  where  x  is  a  fraction  that  can  never  exceed  1. 

Next  we  will  assume  that  the  flow  in  the  imaginary  cone,  after 
separation  exists.,  bears  the  same  relation  to  isentropic  flow  as 
exists  in  the  nozzle  when  separation  does  not  occur.  This  assumption 
will  permit  us  to  calculate  x  from  the  observed  pressure  P5.  Further¬ 
more,  it  will  permit  separated  flows  and  unseparated  flows  to  be 
calculated  in  such  a  way  that  there  is  no  discontinuity,  but  a  smooth, 
transition  from  unseparated  to  separated  flow. 

In  the  one -dimensional  calculations  of  state  5  jnst  completed, 
isentropic  flow  was  not  assumed.  State  5  was  calculated  from  Eq.  (3) 
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Fig.  8.  Equivalent  momentum- flux  for  nans  4  5  and  1 9,  shown  as  a  function  of  outlet 
pressure,  and  according  to  various  inodes  of  calculation. 


and  (4),  which  involve  the  equations  of  energy  and  continuity,  and  the 
observed  pressure.  An  isentropic  calculation  of  state  5  can  be  made 
from  the  nozzle  area-ratio  A5/A*,  that  yields  the  isentropic  expansion 
ratio  P55/P1 .  Prom  this  and  the  actual  expansion  ratio  P5/P1,  the 
ratio  P5S/P5  can  be  calculated.  This  ratio  remains  fairly  constant  as 
long  as  separation  does  not  occur.  In  run  45  (Table  l),  P6/P5  <"  1'for 
the  first  three  points,  and  for  these,  separation  should  certainly  not 
occur.  Their  average  value  of  P5/P1  is  0.1227*  The  isentropic  value 
Pss/Pi  (at  A5/A*  =  2.30)  is  0.1l60,  whence  Pgs/Ps  =  0.95* 

All  points  for  which  P6/P5  >1  were  considered  subject  to  possible 
separation,  and  for  them,  using  the  observed  value  of  P5  and  the  ac¬ 
cepted  value  of  P5S/P5,  values  of  Pss  and  Pss/Pi  were  calculated. 

Then  an  area  xAs  was  calculated,  such  that  it  would  carry  the  isen¬ 
tropic  "reference-  flow"'  at  the  calculated  value  of  Pss/Pf.*  The  area 
xA5  was  taken  as  the  exit  area  of  the  imaginary  Cone  to  which  the 
separated  flow  was  confined.  Once  a  value  of  x  had  been  found,  the 
isentropic  reference  flow  had  served  its  purpose  and  no  further  use 
was  made  of  it. 

Values  of  x,  the  fraction  of  A5  occupied  by  the  separated  flow, 
calculated  for  rim  45  as  described  above,  are  given  in  Table  1, 
part  c„  The  input  velocity  u5X  was  calculated  from  them,  using  Eq. 

(4)  just  as  in  the  earlier  one -dimensional  calculation,  except  that 
the  area  used  was  not  As  but  XA5.  The  velocity  u5X  is  higher  than 
the  one -dimensional  velocity  U5  because  of  the  smaller  area  carrying 
the  flow.  It  is  this  increase  which,  as  will  be  seen,  avoids  the 
earlier  impossible  situation  wherein  calculated  output  was  greater 
than  calculated  input.  The  pressure  term  P5A5  has  been  assumed  un¬ 
changed  by  the  separation.  It  is  likely  that  the  annular  space 
around  the  core,  with  area  (l-x)A5,  has  a  pressure  somewhat  higher 
than  P5,  perhaps  approaching  but  this  has  not  been  taken  into 
account . 

The  results  of  modifying  the  momentum-flux  calculations  for  run 
45,  by  assuming  separation  as  outlined  above,  are  given  in  Table  1, 
part  c,  and  are  plotted  in  Fig.  8a,  where  they  are  represented  by  a 
dashed  line.  The  assumption  of  separation  has  had  the  desired  effect 
of  raising  the  calculated  input  in  the  region  of  high  P8-yalues.  The 
input  and  output  curves  are  made  more  nearly  parallel,  and  input  is 
now  always  greater  than  output.  The  remaining  discrepancy  is  of  the 
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proper  sign  to  be  explained  by  friction.,  An  estimate  of- the  loss  of 
momentum  flux  to  be  expected  from  friction  is  given  below. 

Calculations  based  on  separated  flow  were  also  made  for  run  19, 
and  are  shown  in  Fig.  8b.  Here  also  the  assumption  of  separation 
brought  input  momentum  flux  above  output  throughout  the  run.  For 
run  19  (air: air),  Pss/Ps  was  only  0.53.>  as  compared  with  0.95  for 
run  4-5  (air: Freon-113),  indicating  much  greater  losses,  in  air  than 
in  Freon-113  within  the  driving-fluid  nozzle.  The  slower-moving 
Freon  should  be  more  nearly  isentropic  than  air,  but  the  difference 
between  the  two  gases  seems  rather  large. 

The  three  other  runs  (l6,  23,  49)  that  showed  outputs  exceeding 
inputs  on  the  one -dimensional  basis  were  recalculated  with  separation 
assumed,  and  the  discrepancies  were  satisfactorily  removed.  For  runs 
16  and  23,  separation  was  present  throughout  the  run,  so  for  them  the 
factor  Pss/Ps  had  to  be  taken  from  another  run  on  the  same  system. 

Pressure  Ratio  Required  to  Cause  Separation.  It  is  of  interest  to 
find  the  value  of  the  pressure  ratio  Pe/Ps  when  separation  begins  to 
occur.  Our  criterion  is  the  value  of  x;  when  x  is  near  1  there  is  no 
separation,  but  when  x  is  significantly  less  than  1,  separation  is 
present.  The  values  of  x  given  in  Table  1  show  that,  in  run  45,  sep¬ 
aration  was  beginning  to  appear  at  point  45  .13,  for  which  P6/P5  = 
1.144.  In  run  19,  separation  had  begun  at  P6/Ps  =  1.114;  in  run  49, 
at  1.118.  Runs  l6  and  25  give  no  corresponding  information,  because 
separation  was  present  throughout  each.  run. 

The  criterion  for  separation  is  an  indirect  one,  which  we  have 
justified  by  showing  that  it  permits  the  equivalent  momentum-flux 
equation  to  be  satisfied.  According  to  it,  separation  within  the 
driving -fluid  nozzle  is  already  evident  at  P6/P5  =  1.125  and  may 
begin  as  early  as  P6/Ps  =  1.1.  This  value  seems  low.  Summerfield, 
Foster,  and  Swan  (8),  for  example,  report  for  a  rectangular  channel 
that  the  pressure  before  separation  was  O.38  to  0.4l  of  the  down¬ 
stream  pressure,  whence  separation  should  occur  at  P6/Ps  =  about  2.5. 
The  small  size  of  our  apparatus  increases  the  importance  of  boundary- 
layer  effects;  this  may  be  the  explanation  of  the  low  value  of  Pe/Ps 
we  observe  at  the  onset  of  separation. 

Friction  in  the  Mixing  Tube.  Frictional  losses  originate  at  the 
mixing-tube  walls  and  depend  on  the  nature  of  the  flow  in  the 
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immediate  neighborhood  of  the  walls.  It  is  impossible  to  make  an  accu¬ 
rate  calculation  of  friction  for  the  conditions  that  exist  within  a 
mixing  tube,  because  we  do  not  know  the  precise* velocity  of  flow  near 
the  wall.  However,  a  rough  calculation  that  gives  little  more  than  the 
order  of  magnitude  of  frictional  losses  is  still  of  interest.  We  have 
seen  that  the  momentum-flux  calculation  in  which,  separation  is  assumed 
places  the  output  well  below  the  input  over  the  entire  range  of  outlet 
pressures,,  and  we  wish  to  know  if  friction  could  treasonably  account 
for  the  difference. 


The  usual  treatment  of-  friction  is  based  on  the  dimensionless 
friction  factor  defined  as 


if 


(5) 


in  which  a  is  the  shearing  wall -force  per  unit  area,  and  P  is  fluid 
density.  Values  of  f  may  be  obtained  from,  published  graphs  which 
give  it  as.  a  function  of  Reynolds  number. 


Published  friction  factors  refer  to  developed  flows,  in  which  the 
conditions  at  the  walls  are  determined  by  the  conditions  throughout 
the  entire  stream,.  The  flow  in  the  mixing  tube  is  far  from  being  a 
developed  flow;  nevertheless  we  will  make  friction  calculations  in 
the  conventional  way. 


The  loss  of  equivalent  momentum  flux  due  to  friction,  in  a 
length  dl  of  channel  having  a  perimeter  B-  is 


d  (m  u  +  PA)  =  cr  B  dl. 


Applying  this  to  the  mixing  tube  of  finite  length  A  1,  using  Eq«  (5) 
and  the  equation  of  continuity,  the  friction  loss  between,  plane  5,6 
and  plane  7  is 


A  (m.7  u  +  PAY)  = 


f  j'ly  UfpAl. 


(6) 


An  average  pressure  Pfr  along  the  length  of  the  mixing  tube  was  used 
in  Eq.  (4)  to  compute  upr,  the  stream  velocity  to  be  used  in  the  calcu¬ 
lation  of  friction  loss'. 


The  viscosity  of  Freon-113  within  the  mixing  tube  was  taken  to  he 
0.0101  centipoise  at  the  temperature  of  run  45,  deduced,  from  a  value 
given  by  a  manufacturer  (9) •  This  and  the  known  viscosity  of  air 
permitted  the  Reynolds  number  to  be  calculated  for  run  1+5 •  The  value 
found  was  5200.  Consulting  the  graph  given  by  McAdams  (lO),  the 
friction  coefficient  at  this  Reynolds  number  is  0.0092.  Substituting 
this  and  other  known  values  in  Eq.  (6)  gives  for  the  friction  loss  in 
run  1+5 


A  (m7  u  +  PA7)  =  O.368  m7  upr.  (?) 

Calculations  of  friction  for  run  1+5  are  given  in  Table  1,  part  c.  The 
input  equivalent  momentum- flux  corre  cted  for  separation  (dashed  line 
in  Fig.  8a)  has  been  further  corrected  by  subtracting  the  friction 
loss,  and  is  plotted  as  a  dot-dash  curve  in  Fig.  8a.  Figure  8b  shows' 
similar  calculations  made  for  run  19. 

Friction  calculations  similar  to  those  made  for  runs  45  and  19  were 
also  made  for  runs  l6,  23,  and  49°  The  results  in  all  cases  were 
similar/1'  the  correction,  for  friction  reduced  the  discrepancy  between 
calculated  input  and  output  equivalent  momentum-flux,  but  was  not 
large  enough  to  produce  good  agreement. 

Discussion,  of  Equivalent  Momentum-Flux  Balance .  When  friction  and 
separation,  are  allowed  for,  the  output  is,  in  all  cases  for  which  cal¬ 
culations  were  made,  substantially  below  input.  An  increase  in  the 
allowance  for  friction  would  improve  the  agreement  between  input  and 
output.  There  is  no  obvious  reason  for  increasing  the  allowance  for 
friction  loss,  however,  because  in  calculating  the  correction  the 
actual  flow  was  treated  as  if  it  were  a  developed  flow.  The  losses  in 
a  developed  flow  may  be  expected  to  be  greater  than  those  in  the  actual 
flow. 

The  agreement  between  input  and  output  equivalent  momentum-flux 
shown  in  Fig.  8  may  be  as  good  as  we  should  expect.  The  remaining 
discrepancy  may  be  due  to  the  assumption  of  one -dimensional  flow  in 
state  7.  If  the  velocity  of  flow  is  assumed  to  be  nonuniform,  with  the 
core  moving  faster  than  the  gas  near  the  walls,  the  computed  equivalent 
momentum-flux  is  increased.  By  assuming  the  appropriate  degree'  of  non¬ 
uniformity,  the  agreement  between  input  and  output  equivalent  momentum- 
flux  could  be  made  very  good. 
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It  is  doubtful,  however,  if  any  further  refinements  in  momentum- 
flux  calculations  are  justified.  There  is  strong  evidence  that 
separation  exists  and  that  a  separation  correction  should  be  made, 
but  the  way  in  which  this  correction  has  been  made  is  somewhat  arbi¬ 
trary.  Other  workers  might  with  equal  justification  make  a  correc¬ 
tion.  in  a  somewhat  different  way,  and  might  obtain  either  a  larger 
or  a  smaller  correction  than  the  one  we  have  calculated. 

Since  separation  or  nonuniform  flow  has  been,  considered  for 
states  5  and  7>  it  may  be  asked  if  the  one -dimensional  assumption  is 
adequate  for  state  6,  which  refers  to  the  driven  fluid  as  it  enters 
the  mixing  tube.  Examination  of  the  computed  values  of  m3ue  and  PeAe 
show's  that  the  velocity  term  is  very  small  compared  to  the  pressure 
term,  so  that  a  change  in  assumed  velocity  distribution  would  have  very 
little  effect  on  the  sum  of  the  two  terms. 

Figure  8  shows  that  the  agreement  between  calculated  input  and. out¬ 
put  is  somewhat  better  for  run  19  (air: air)  than  for  run.  45  (air:Freon- 
113).  Run  23  (airs air)  showed  good  agreement.  Runs  l6  and  1+9  (air: 
•Freon-12)  showed  somewhat,  poorer  agreement  than  run  45- 

8.  Allocation  of  Losses 


If  the  losses  within  a  jet  compressor  are  to  be  reduced,  it  is  im¬ 
portant  to  know  precisely  where  within  the  jet  compressor  the  losses 
occur.  The  functioning  of  a  jet  compressor  may  be  broken,  down  into 
four  processes  as  follows: 

1,  Acceleration  of  the-  driving  stream. 

2.  Acceleration  of  the  driven  stream.. 

3-  Mixing  of  the  two  streams. 

4.  Deceleration  of  the  mixed  stream. 

In  the  preceding  sections  of  this  paper  a  way  was  found  to  calcu¬ 
late  the  fluid  states  immediately  prior  to  mixing  (states  5  and  6)  and 
the  state  immediately  after  mixing  (state  7)  so  as  to  satisfy  the 
more  ntum-f  lux  equation  with  fairly'  good  accuracy.  The  calculated 
states  5,  6,  and  7  can  therefore  be  accepted  with  some  confidence  as 
fairly  good  approximatiors  to  the  true  states,  of  the  fluids.  The  ini¬ 
tial  states  (l  and  3)  and  the  final  state  (8)  are  stagnation  states  and 
are  well  known. 
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The  loss  or  change  in  each  of  the  four  processes  listed  above  has 
been,  calculated  for  the  specimen  run  4 5  and  for  the  air: air  run  19. 

The  analysis  has  been  made  by  computing  the  changes  in  available 
energy  that  occur  during  the  various  processes  taking  place  ih  the  jet 
compressor.  The  available  energy  a  of  unit  mass  of  fluid  in  steady 
flow,  relative  to  a  dead  state  characterized  by  the  subscript  d,  is 
(reference  (ll)  p.  295) 

a  =  h  -  T  (s  -  s  )  -  h  (8) 

o  d  d  d 

where  s  represents  the  entropy  of  unit  mass.  The  temperature  of  the 
dead  state  we  will  take  as  530°R  (room  temperature).  The  pressure  of 
the  dead  state  will  not  be  required.  In  the  experiments  now  to  be 
analyzed  the  stagnation  temperatures  of  both  fluids  remain  at  530°^ 
throughout.  Hence  h^  and  hid  both  remain  constant  and  the  increase  in 

•i' 

availability  as  fluid  passes  from  some  state  i_  to  another  state  is 

a.  -a.  =  T  (sJ  -  s  ) . 
j  1  d  i  j 

If  we  multiply  this  quantity  by  the  appropriate  mass  rate  of  flow 
m,  we  obtain  the-  rate  at  which  the  available  energy  of  the  stream  in¬ 
creases  because  of  the  process  i,  j.  This  rate  is 

m(a.  -  a  )  =  mT  (s,  -  s  ).  (9) 

Ji  d  1  j 

All  changes  in  the  available  energy  of  the  driving  stream  are  de¬ 
creases.  For  the  driven  stream  there  is  an.  increase  in  available 
energy  as  the  useful  work  of  compression  is  done  on  it,  but  a  decrease 
when  no  such  work  is  being  done.  An  efficiency  qa  based  on  available 
energy  changes,  rather  than  on  isentropic  enthalpy  changes,  can  be 
computed.  For  the  present  case  where  no  stagnation  enthalpy  changes 
are  involved 


%■  =  “  (ss)3  -  s3  (10) 

si  -  (s8)i 

where  (ss)3  is  the  entropy  per  unit  mass  of  unmixed  driven  fluid  at 
the  pressure  P8,  and  (s8)i  is  the  corresponding  entropy  of  driving 
fluid  at  the  same  pressure. 

This  definition  of  efficiency  is  theoretically  preferable  to  that 
of  Eq„  (l)  and  (2)  but  is  not  commonly  used.  Computed  values  of  qa 
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for  run  k 5  are  given  in  Table  1,  part  a,  where  they  may  be  compared, 
with  the  corresponding  Values  of  i]. 

The  change  in  entropy  of  an  ideal  gas  between  two  states  i  and  j_ 
is 

T  P 

s  -s'  =  c  In  ,j  -  Rln  ,1  (ll) 

j  i  p  ir~ 

i  i 

This  equation  holds  whether  or  not  the  gas  is  in  motion,  but  for  a 
moving  gas  the  local  rather  than'  the  stagnation  variables  must  be  *■' 
used.  Equation  (ll)  permits  the  desired  entropy  changes  involving 
states  1,  3,  5,  7.>  and  8  to  be  calculated,  after  which  the  avail¬ 

ability  changes  are  readily  obtained.  The  pressures  of  all  states 
are  known  from  observation,.  The  temperatures  of  the  stagnation 
states  1,  3,  and  8  are  taken  to  be  530°K. 

The  temperatures  of  states  5j  6,  and  7  must  be  calculated.  The 
velocities  u5,  u6,  and  u7  have  been  computed  in  connection  with  the 
momentum-flux  balance .  The  corresponding  temperatures  are  obtained 
from  the  energy  equation,  written  in  the  form 

T  =  T  -  u2  (12) 

°  ,2cp 


using  the  appropriate  heat  capacity  for  the  stream  whose  temperature 
is  being  calculated. 

In  calculating  entropies  and  availabilities  for  the  mixed  states 
7  and  8,  the  entropy  of  mixing  has  been  ignored,.  The  temperatures 
calculated  from.  Eq.  (l2)  are  used,  together  with  the  observed  pres¬ 
sures.  A  separate  calculation  is  made  for  each  gas  even  in  the  mixed 
states  7  and  8,  using  the  values  of  R  and  cp  appropriate  to  the  gas 
in  question.  If  the  entropy  of  mixing  were” to  be  included,  the  same 
procedure  would  be  used  except  that  the  partial  pressure  of  the  appro¬ 
priate  component  would  be  substituted  rather  than  the  observed  pressure 
exerted  by  both  components .  It  is  common  practice  in  calculations  of 
efficiency  or  availability  to  ignore  the  fact  that  the  streams  are 
mixed.  The  investigator  says,  in  effect,  "I  am  indifferent  to  the  fact 
that  the  two  streams  mix;  therefore  I  will  compute  efficiencies  and 
availabilities  in  such  a  way  as  to  ignore  the  mixing." 


The  fact  that  the  two  streams  mix  has  not  been  ignored  in  the  com¬ 
putation  of  any  physical  process.  To  do  so  would  of  course  be  improper. 
For  example,  in  using  Eq.  (4)  to  get  u7,  or  Eq.  (l2)  to  compute  T7,  the 
values  of  R,  c  ,  and  m  used  must  refer  to  the  mixture.  In  this  connec- 
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lion  it  may  be  noted  that  in  addition  to  the  equalization  of  velocity, 
temperature,  and  pressure  during  mixing  there  is  in  general  a  flow  of 
heat  from  one  component  to  the  other.  This  flow  of  heat  also  takes 
place  in  the  diffuser  if  the  driving  and  driven  fluids  are  different. 
Stated  otherwise,  the  two  components  in  the  diffuser  would,  if  compressed 
separately  from  T7  and  P7  to  P8,  have  different  temperatures,  one  above, 
the  other  below  the  actual  Ts. 

The  results  of  calculations  of  available -energy  changes  in  run  45 
are  given  in  Table  1.  Part  d  contains  the  changes  experienced  by  the 
driving  fluid.  The  total  change  is  given  first,  followed  by  the  changes 
in  individual  steps,  each  given  as  a  percentage  of  the  overall  change. 
Table  1,  part  e,  contains  similar  information  for  the  driven  fluid.  In 
Fig.  9a,  the  results  for  the  driving  stream  are  shown  as  functions  of  the 
outlet  pressure  P8.  The  actual  changes,  rather  than  the  percentages  of 
the  total  change,  are  plotted.  No  corresponding  graph  for  the  driven 
fluid  is  given,  but  the  overall  increase  in  available  energy  of  the  driven 
fluid  is  necessarily  equal  to  the  useful  work  done  by  the  driving  fluid, 
which  is  shown  in  Fig.  9a. 

Calculations  of  changes  in  available  energy  similar  to  those  just 
described  were  made  for  a  second  run  (run  19,  air: air),  and  the  results 
are  shown  in  Fig.  9b. 

In  studying  Fig.  9  we  first  note  that  the  useful  work  is,  unfortu¬ 
nately,  quite  small  in  comparison  to  the  losses.  The  deceleration  loss 
is  not  large  except  for  very  low  values  of  P8  in  run  45.  The  loss  in 
this  region  is  large  only  because  P8  is  being  maintained  at  so  low  a 
value  that  the  diffuser  has  no  chance  to  operate  normally.  Instead  of 
containing  subsonic  flow  in  a  rising  pressure  gradient,  the  diffuser 
appears  to  contain  some  supersonic  flow  and  a  weak  shock  pattern.  In 
connection  with  the  relatively  small  deceleration  losses,  it  should  be 
noted  that  our  calculations  of  momentum-flux  balance  indicated  that 
our  estimates  of  state  7  might  be  in  error.  If  the  equivalent  momentum- 
flux  of  state  7  were  increased,  the  losses  attributed  to  deceleration 
would  be  increased  and  those  attributed  to  mixing  would  be  decreased. 
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Graph  showing  how  the  fall  in  available  energy  of  the  driving  stream  is  accounted  for. 
The  upper  line  shows  the  total  drop.  The  distance  between  two  curves  shows  the  amount 
of  energy  going  into  a  particular  drop,  or  into  useful  work,  as  indicated.  Note  the 
much  greater  acceleration  loss  when  the  driving  fluid  is  air  than  when  it  is  Freon-113 


The  mixing -tube  losses  are  large,  especially  in  run  45.  Part  of 
these  losses  are  associated  with  friction  and  with  heat  conduction 
due  to  nonuniformity  of  static  temperatures  within  a  sing3.e  stream. 

Over  these  losses  we  have  little  control.  Another  part  of  the  mixing- 
tube  losses  is  the  mixing  loss  proper,  which  has  to  do  with  the 
equalization  of  pressure,,  temperature,  and  velocity  between  the  two- 
streams.  This  loss  resembles  a  shock  loss  in  that  the  mixing  equations 
cannot  in  general  be  satisfied  without  an  increase  in  entropy.  The 
mixing  loss  proper  we  may  hope  to  exercise  some  control  over,  by  proper 
choice  of  working  fluids,  velocities,  pressures,  and  possibly  other 
variable  s . 

The  driving-fluid  acceleration  loss  is  rather  small  for  Freon-113 
(run  4-5)  but  is  much  larger  for  air  (run  19) .  Such  a  result  had  been 
foreshadowed  in  the  calculation  of  separation,  where  tho  deviation  from 
isentropic  flow,  as  specified  by  the  pressure  ratio  P5S/P5,  was  found 
to  be  0.95  for  Freon-113,  but  only  0.53  for  air.  It  is  probable  that 
the  large  acceleration  loss  shown  by  run  19  occurs  because  of  the  small 
size  of  the  nozzle .  In  a  larger,  or  perhaps  in  a  better-designed  noz¬ 
zle,  one  would  expect  the  percentage  losses  to  be  much  smaller. 

The  breakdown  of  losses  confirms  what  we  have  known  all  along: 
that  the  largest  losses  in  a  jet  compressor  are  associated  with  the 
mixing  process.  Our  calculations  show  that  most  of  the  useful  work 
performed  in  a  jet  pump  is  done  in  the  mixing  tube,  but  indicate  that  a 
small  amount  of  useful  work  is  done  in  the  diffuser.  It  may  be  argued 
that  this  situation  does  not  truly  existj  that  it  results  from  some  in¬ 
accuracy  in  the  way  in  which  state  J  is  calculated.  One  thing  appears 
certain:  heterogeneous  entrainment,  in  which  the  driving  and  the  driven 
gases  have  different  molecular  weights  and  different  specific  heats, 
offers  greater  opportunity  than  self -entrainment  for  achieving  the  op¬ 
timum  conditions  of  mixing. 

9 .  Mixing  Pressure  and  Efficiency 

There  have  been  indications  (for  example  reference  (12)  page  30 6) 
that  constant-pressure  mixing  is  superior  to  mixing  in  which  the  two 
streams  are  at  different  pressures  when  they  come  in  contact.  The  term 
"constant -pres sure  mixing"  is  really  somewhat  ambiguous.  In  its  strictest 
sense,  such  mixing  requires  that  all  flow  should  be  at  the  same  constant 
pressure  throughout  the  mixing  tube,  a  situation  that  would  require  a  care¬ 
ful  choice  of  mixing-tube  shape  and  a  particular  entrainment  ratio. 


The  restriction  to  constant-pressure  mixing  is  often  applied  to 
simplify  momentum-flux  control-volume  calculations,  and  for  this 
purpose  it  is  necessary  to  assume  constant  pressure  only  in  those 
portions  of  the  mixing  tube  where  the  channel  is  converging  or  di¬ 
verging. 

The  present  experiments,  which  were  performed  with  constant-area 
mixing,  cannot  give  true  constant -pres sure  mixing.  We  can,  however, 
determine  whether  or  not  the  highest  efficiencies  are  obtained  when 
mixing  starts  at  constant  pressure,  that  is,  with  P6/P5  -  1.  Table  2 
contains  the  values  of  P6/P>3  that  corresponded  to  the  .peak  efficiency 
of  every  run  now  being  reported.  It  can  be  seen  that  the  value  of 
P6/3?5  at  maximum  efficiency  is  only  occasionally  close  to  unity. 

The  behavior  of  P6/P5  in  the  course  of  two  different  runs  in  which 
outlet  pressure  P^  was  varied  is  shown  in  Pig..  10.  The  runs  selected 
are  45  and  19 .  Values  of  P6/P5  for  the  first  of  these  will  be  found 
in  Table  1,  part  a.  As  the  outlet  pressure  is  raised,  there  is  at 
first  no  change  or  only  a  small  change  in  P6/P5 -  This  is  character¬ 
istic  of  the  supersonic  regime,  in  which  downstream  conditions  have-  no 
effect  on  upstream  conditions'.  As  Pa  is  further  raised,  the  transition, 
from  the  supersonic  to  the  mixed  regime  occurs.  Vertical  dividing 
lines  based  on  the  criteria  accepted  earlier  are  shown  in  the  figure. 
The  supersonic  regime  (S.)  lies  to  the  left  of  the  dividing  line  and 
the  mixed  regime  (m)  to  the  right,  as  indicated  for  each  curve.  While 
the  transition  is  taking  place  the  value  of  P6/Pg  rises  rapidly,  but 
it  levels  off  at  a  new,  higher  value.  The  arrows  in  the  figure  indi¬ 
cate  the  points  at  which,  the  maxima  in  the  corresponding  efficiency 
curves  occur.  There  is  no  arrow  in  the  mixed  regime  of  run  19  because 
the  efficiency  in  this  regime  was  monotonicj . the  efficiency  steadily 
fell  as  Pg  was  increased. 

When  Ps/Ps  remains  constant  in  the  supersonic  regime  it  is  because 
P6  and  P5  individually  remain  constant.  In  the  mixed  regime,  both  P6 
and  P5.  increase  with  Pe,  and  a  constant  ratio  results  from  equal  frac¬ 
tional  changes  in  both.  In  many  runs  the  upper  portions  of  the  P6/P5 
curves  were  not  horizontal , as  in  Pig.  10,  but  rose  to  a  maximum  value 
of  I.25  or  1.30  and  then  fell  again.  In  other  cases  the  curves  sloped 
steadily  upward  throughout  the  range  of  P8  covered.. 
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Fig.  10.  Mixing -pressure  ratio  (P6/P5)  as  a  function  of  outlet  pressure  (Pa),  for  two 
selected  runs. 


If  we  consider  only'  the  point  or  points  of  maximum  efficiency  for 
each  run,  we  may  (from  the  data  in  Table  2)  plot  P6/P5  versus  entrain¬ 
ment  ratio.  This  has  been  done  in  Fig.  11  for  the  system  air: Freon- 
113  and  for  the  system  air: air.  The  first  system  has  two  widely-sep¬ 
arated  curves:  one  for  the  supersonic  regime  lying  well  below  P6/P5  ■ 

=  1  and  one  for  the  mixed  regime  lying  above  P6/P5  =  1*  Similar 
curves  were  found  for  all  systems  except  air: air. 

The  air: air  system  was  unique  in  two  ways.  First,  a  few  of  the 
supersonic-regime  points  actually  had  P6/Ps\: greater  than  1.  Second, 
there  were  two  distinct  supersonic-regime  curves,  analogous  to  the 
curves  SI  and  S2  in  Fig.  5,  and  labeled  to  correspond.  The  mixed- 
regime  curve  for  air  is  quite  flat  in  Fig.  3.1,  and  continued  to  be 
flat  beyond  the  range  of  the  graph,  the  last  measurement  being  at 
m  s=  0.5319. 

These  results  show  that  for  the  present  apparatus  the  highest  ef¬ 
ficiencies  were  not  obtained  at  P6/P5  =  1.  Whether  this  is  true  of 
all  constanu-area  ejectors  is  not  known.  Perhaps  as  the  area  ratio- 
A6/A5  is  varied,  a  condition  is.  reached  for  which,  the  highest  effi¬ 
ciency  is  obtained  with  P6/P5  =  1. 

A.  curve  similar'  to  those  in  fig .  11  was  given  in  one  of  our  pre  - 
vious  publications  (Fig.  7  of  reference  (l)),  This  curve  is  for  the 
air: air  system  but  is  somewhat  different  in  shape  from,  the  air: air 
curves  in  Fig.  11.  Presumably  the  difference  is  due  to  the  difference 
in.  geometry  of  the  two  apparatuses.  The  curve  in  reference  (l)  reaches 
P'6/P5  =  1-Jjj,  whereas  in  Fig.  11  the  highest  value  is  1.05-  The  earlier 
curve  covers  a  much  larger  entrainment  ratio  than  the  present  one.  In 
reference-  (l)  the  pressure  P5  was  not  actually  measured,  but  was  calcu¬ 
lated  fr'om  the  stagnation  pressure  Pi  and  the  nozzle  dimensions.  An 
allowance  was.  made  for  losses,  but  on  the  basis  of  our  experience  since 
that  time,  the  allowance  was  probably  low.  With  greater  losses,  P5 
would  be  increased,  and  the  curve  of  Pq/Ps  in  reference  (l)  would  be 
lowered  somewhat. 

When  reference  (l)  was  published,  we  considered  the  ratio  P6/P5 
=  l.U  so  small  as,  to  indicate  no  danger  of  separation  in  the  driving- 
fluid  nozzle.  On  the  basis  of  our  experience  with  the  present  appar¬ 
atus  we  cannot  be  sure  that  separation  did  not  occur  at  the  upper  end 
of  the  curve,  in  Fig.  J  of  reference  (l). 
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10.  Some  Unexplained  Phenomena 


There  are  a  few  small  effects  and  peculiarities,  in  the  data  that 
we  have  so  far  not  been  able  to  explain  by  consideration  of  the  vari¬ 
ous  flow  patterns,  described  earlier.  One  qf  these  small  effects  is 
shown  in  Figs.  3  and  ko  The  general  pattern  of  these  curves:  has  been 
explained  by  attributing  them  to  the  supersonic  and  mixed  regimes. 
Maxima  in  the  curves  may  occur  in  either  regime.  But  a  close  inspec¬ 
tion  shows  that  in  addition  to  a  maximum  in  each  regime,  many  of  the 
curves  show  other  smaller  dips  or  submaxima.  These  secondary  features 
of  the  curves  exhibit  a  certain  pattern,  an  may  be  seen  best  in  the 
mixed  region  of  Fig.  3* 

The  existence  of  dips  or  irregularities  in  curves  such  as  those 
of  Fig.  k  was  pointed  out  in  reference  (l).  Their  cause  has  not  been 
definitely  established.  It  may  be  that  they  are  associated  with  the 
shock  pattern  that  must  exist  as  the  supersonic  flow  is  dissipated. 

As  operating  conditions  are  changed,,  the  shock  pattern  probably  under¬ 
goes  a  gradual  modification  brought  about  by  thickening  of  boundary 
layers  and  movement  of  the  planes  at  which  flow  separation  occurs. 

A  second  unexplained  phenomenon  is  Shown  in  Fig.  5-  The  super- 

sonic-regime  curve  for  the  system  He: Freon-115  has  a  peculiar  concave 

top.  Mote  that  this  is  a  somewhat  different  phenomenon  from  those 

discussed  above,  for  here  the  abscissa  is  m  rather  than  P8  and  each 

plotted  point  in  Fig.  5  represents  the  maximum  from,  an  entire  run  in 

Which  Pg  was  varied..  Dips,,  irregularities,  and  curves  with  concave 

tops,  are-  of  some  importance  in  Jet-compressor  design.  For  example, 

we  estimate  that  the  supersonic- regime  curve  for  He: Freon-113-  in 

Fig.  5  would  have-  risen  to  ri  =  0.15  if  it  had  been  shaped  like  the 

max  _ 

adjacent  supersonic  curve  for  air: Freon-113..  The  highest  observed 
point  on  the-  concave  curve  is  tj  =  0-1254. 

IBclX 

The  third  and  last  of'  the  unexplained  phenomena  is  the  most  ob¬ 
scure  of  all.  For  it  we-  refer  again  to  Fig-  5>  this:  time  to  the 
curve  representing  the  supersonic  regime  of  the-  system  air: air.  This 
regime  has  two  branches^  labeled  Si  and  S2.  An  unusually  large  number 
of  runs  were  made,  to  learn  more  about  the  curves  SI  and  S2.  A  given 
entrainment  ratio  0).  would  give  a  point  lying  on  one  curve,  but  when  co 
Was  changed  by  even  a  small  amount,  a  point  on  the  other  curve  would 
result.  After  a  large  number  of  runs,  it  was  quite  clear  that  we  were 
not  being  confused  by  experimental  errors,  but  that  there  were  in  fact 
two-  supersonic -regime  curves. 
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Confirmation  that  the  curves  SI  and  S2  are  separate  and  distinct  may 
he  seen  in  Fig.  11.  Here  again  there  are  separate  curves  labeled  SI  and 
S2.  But  the  curves  in  Fig.  11  depend  on  P5  and  P6,  whereas  those  in 
Fig.  5  depend  on  pi;  p3>  and  Pa.  Errors  in  pressure  measurement  could 
hardly  affect  Figs.  5  and  11  similarly,  and  yet  with  only  one  exception 
(point  88.4)  the  points  lying  on  SI  in  Fig.  5  also  lie  on  S3f  in  Fig.  11. 
An  equivalent  statemeht  is  true  for  the  curves  S2. 

11 .  Efficiency  at  Constant  Outlet  Pressure 

Many  investigators  have  studied  the  performance  of  the  jet  pump 
under  conditions  of  constant  outlet  pressure  P8.  This  is  convenient 
when  for  example  the  pump  exhausts  to  the  atmosphere ,  In  such  investi¬ 
gations  the  inlet  pressure  of  the  driving  fluid  (Pj.)  is  usually  held 
constant,  and  the  inlet  pressure  of  the  driven  fluid  (P3)  is  varied. 

This  causes  a  variation  in  the  mass  rate  of  flow  of  driven  fluid  and 
hence  in  the  entrainment  ratio  u>. 

Selected  Data  from  this  Research.  Our  own  apparatus  was  not  so 
well  adapted  to  operation  at  constant  Ps  as  at  constant  co.  However,  it 
is  possible  by  reading  values  from  a  series  of  curves,  such  as  those  in 
Fig.  J  and  Fig.  4,  to  obtain  data  equivalent  to  a  run  at  constant  P8 
and  varying  o>  and  P3.  Figure  12  shows  results  found  In  this  way  for  the 
system  air: Freon-113.  Efficiency  is  plotted  versus  entrainment  ratio, 
for  three  selected  values  of  Pi/PB.  The  curve  for  the  highest  value  of 
pi/ps  (6.5)  rises  steeply  with  increasing  into  a  maximum  value  of 
0.1135  and  then  drops  abruptly  to  values  less  than  half  of  this.  All  the 
high-efficiency  points  prior  to  the  sudden  drop  correspond  to  the  super¬ 
sonic  regime.  All  the  points  after  the  drop  correspond  to  the  mixed 
regime.  A  considerable  amount  of  extrapolation  was  involved  in  getting 
the  section  of  the  curve  corresponding  to  the  mixed  regime.  This 
section  of  the  curve  is  dashed  to  indicate  its  lower  accuracy. 

At  the  lowest  value  of  Pj./P8,  which  was  4.5,  all  plotted  points  come 
from  the  mixed  regime.  The  curve  rises  smoothly  to  a  maximum  efficiency 
of  0.0847  at  an  entrainment  ratio  of  0,0759*  At  the  intermediate  value 
of  P.i/P8,  which  was  5*5,  the  curve  is  intermediate  in  character  between 
t! _  v*o  extreme  curves.  The  points  of  this  curve  at  low  values  of  cu 
lie  in  'he  supersonic  regime  and  those  at  high  values  lie  in  the  mixed 
regime .  It  is  difficult  to  pick  a  precise  dividing  line  between  the 
two  regimes  because  the  transition  from  one  to  the  other  is  continuous, 
but  as  a  rough  value  we  may  take  o>  =  0.045. 
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Selected  Data  from  Fabri  and  Siestrunck.  Data  from  Fabri  and 
Siestrunck  (3)  permit  the  calculation  of  efficiencies.  Their  Fig.  7 
gives  the  entrainment  ratio  as  a  function  of  Pa/Ps,  for  four  constant 
values  of  Pi/Pq.  The  curve  for  Pj./Pa  =5*5  was  selected,  and  the 
abscissa  and  ordinate  of  each  plotted  point  we're  read  from  the  graph. 
These  data  were  Used  to  compute  t),  and  a  graph  of  T)  versus  cn  (for 
Pi/Pa  =5-5)  was  plotted. 

The  curve  was  parabolic,  roughly  similar  to  the-  curve  in  our 
Fig.  12  for  Px/Pg  =  4.5.  The-  maximum  efficiency  of  0.126  occurred 
at  =  0.23.  The  data,  came  from  the  supersonic  and  saturated  super¬ 
sonic  regimes-  of  flow..  There  was  no  sharp  drop-  in  the  curve  similar 
to  those  appearing  in  two  of  the  curves  of  Fig.  12.  Presumably  the 
sharp  drop  occurs  only  when  there  is  a  transition  from  the  supersonic 
to  the  mixed  regime,  a  situation  that  did  not  exist  in  the  data  taken 
from  Fabri  and  Siestrunck. 

12 .  Test  of  a  Method  for  Calculating  the  Supersonic  Regime 

Fabri  and  Siestrunck  (3)  have  developed  methods  for  calculating 
a  number  of  different  regimes  of  flow  in  constant-area  mixing.  We 
will  confine  our  attention  to  their  method  for  calculating  the  super¬ 
sonic  regime .  This  is  probably  the  most  important  of  the  various 
regimes  in  jet-compressor'  applications.  The  assumptions  made  by  these 
authors  permit  us  to  go  beyond  the  usual  calculation,  and  to  predict 
the  mass  rate  of  flow  of  driven  fluid  as  a  function,  of  its  initial 
stagnation  pressure .  . The  state  of  the  driving  stream  at  entrance  to 
the  mixing  tube  is  given.  The  state  of  the  mixed  stream  at  the  outlet 
need  not  be  known,  except  that  it  must  be  such  as  to  permit  the  super¬ 
sonic  regime  to  exist. 

Using  their  assumptions,  Fabri  and  Siestrunck  have  calculated  and 
plotted  curves  that  agree  well  with  their  experimental  points.  We 
think  it  important  to  test  their  methods  by  applying  them  to-  other  ex¬ 
perimental.  data  taken  in  apparatuses  of  different  geometry,  for  if  the 
methods  of  predicting'  the  behavior  of  ejectors  can  be  shown  to  be 
generally  applicable  they  will  be  very  useful-. 

The  method  of  Fabri  and  Siestrunck  for  calculating  the  supersonic 
regime  is  based  On  the  assumption,  that  the  driven  stream  may  be  con¬ 
sidered  as  expanding  isentropically  within,  the  mixing  tube  until  it 


Fig.  12.  Efficiency  as  a  function  of  entrainment  ratio  at 

constant  outlet  pressure.  Points  were  obtained  by 
reading  values  from  graphs  such  as  Fig.  5. 
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becomes  sonic.  The  supersonic  driving  stream  also-  is  considered  to  ex¬ 
pand  isentropically  as  it  flows  beside  the  driven  stream.  Energy  is 
considered  to  'be  conserved  in  each  stream  separately.  The  momentum 
flux  of  the  two  streams  at  the  plane  where  the-  driven  stream  becomes 
sonic  is  equated  to  the  momentum  flux  of  the  input  states  5  and  6 
(see  Fig.  l).  The  equation  permits  the  mass  rate  of  flow  of  driven 
fluid  and  the  pressures  in  the  driven  stream  at  the  various  points  of 
interest  to  be  found. 

With  the  assumptions  outlined  above  it  is  not  possible  to  assume 
that  the  two  isentropic  streams  have  equal  pressures  at  the  cross 
section  where  the  driven  stream  becomes  sonic,  and  hence  the  calculated 
conditions  cannot  in  general  actually  exist  within  the  mixing  tube.  It 
is  still  possible,  however,  for  the  momentum-flux  calculated  from  this 
admittedly  incorrect  model  to  be  a  good  approximation  to  the  actual 
momentum  flux  in  the  mixing  tube . 

For  a  test  of  the  method  outlined  above  with  our  data,  we  chose 
the  system  air:Freon-ll3,  and  used  the  point  of  lowest  P8  in  each 
run,  except  that  those  runs  in  which  the  supersonic  regime  did  not 
appear  were  excluded.  If  the  supersonic  regime  appears  at  all,  it  is 
most  likely  to  appear  at  the  lowest  value  of  P8  attained.  The 
selected  points  are  plotted  in  Fig.  13,  which  shows  entrainment  ratio 
ffi  as  a  function  of  P3,  the  initial  pressure  of  the  driven  fluid. 

The  relation,  between  os  and  P3  was  then  calculated  by  the  method 
of  Fabri  and  Siestrunck,  using  the  known  dimensions  of  our  apparatus, 
the  known  properties  of  air  and  Freon-113,  and  the  known  flow  rate 
and  entrance  conditions  of  the  driving  stream,.  The  details  of  the 
analysis,  were  handled  by  methods  differing  somewhat  from  those  given 
by  Fabri  and  Siestrunck.  In  reference  (13)  it  is  shown  that  the  pres¬ 
sure-area  terms  in  the  momentum-flux  equation  can  be  expressed  entirely 
in  terms  of  M*,  the  velocity  number  of  the  stream,  which  is  defined  as 
u/c*.  The  equation  in  terms  of  M*  can  be  used  before  the  pressures 
have  been  determined,  thus  simplifying  the  computations.  We  assigned 
values  to  M*e  at  the  beginning  and  found  the-  corresponding  values  of 
P8  near  the  end  of  each  calculation. 

The  calculated  results  are  shown  by  the  upper  curve  in  Fig..  13. 

The  curve,  in  spite  of  all  the  functions  from  which  it  is  derived, 
is  almost  a  straight  line.  Qualitatively  it  represents  the  data. 
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Fig.  lj.  Entrainment  ratio  versus  P3  for  the  system  air: Freon-113,  in  the 
supersonic  regime.  Plotted  points  are  experimental  data,  curves 
are  calculated. 


57 


The  curve  is  too  steep  and  it  gives  entrainment  ratios  that  are  too 
high,  hut  nevertheless  it  is  an  achievement  to  he  able  to  calculate 
such  a  curve  without  reference  to  the  experimental  data. 

An  empirical  correction  was  made  to  the  calculated  curve  by  add¬ 
ing  the  term  A  P  (mmHg)  =  4-5  d>  to  each  calculated  pressure.  This 
yielded  the  curve  that  has  been  drawn  through  the  points .  The  value 
of  adding  this  correction  is  debatable,  however,-,  as  long  as  its 
magnitude  has  to  be  empirically  determined. 

Fabri  and  Siestrunck  say  that  it  is  necessary  to  take  into  ac¬ 
count  a.  wake  of  constant  width.,  which  they  picture  as  separating  the 
two  streams  within  the  mixing  chamber.  We  have  tried  this,  deducting 
a  wake  of  area  0.28A6  from  both  Ae  and  A7  but  leaving  A5  unchanged. 

(We  first  deducted  half  the  wake  from  A5  and  half  from  A6,  but  this 
led  to  the  impossible  situation  of  a  higher  stagnation  pressure  in 
state  5  than  in  the  original  state  1 . } 

The  result  of  deducting  the  wake  is  shown  in  Fig.  13 .  The 
curve  based  on  the  assumption  of  a  wake  represents  the  experimental 
data,  better  than  the  curve  for  which  no  wake  was  assumed,  but  the 
slope  is  still  too  great  and  the  wake -curve  does  not  extrapolate-  to 
agree  with  the  experimental  data  at  cn  =  0,  whereas  the  no-wake-curve 
extrapolates  corre  ctly . 

Still  another  type  of  wake  was  tried,  in  which  the  wake  was  of 
variable  width,  calculated  according  to  the  equation  A  (wake,  in.2)  = 
0.02439  M*6„  This  gave  a  line  more  strongly  curved  than  any  of'  those 
shown  in  Fig.  13-  This  line  represented  the  data  better  than  any  of 
the  curves  except  the  one  in  which  the  empirical  correction  A.  P  =  4-5  cu 
was  used. 

It  is  possible  that  better  fits  could  be  obtained  by  different 
assumptions  regarding  the  wake.  We  ignored  the  PA-terms  contributed 
by  the  two  ends  of  the  wake,  and  assume  the  previous  workers  did 
likewise.  However,  as  long  as  the  size  of'  the  wake  has  to-  be  esti¬ 
mated  empirically,  its  use  does  not  .greatly  increase  the  usefulness 
'  of  the  theory. 

When  Fabri  and  Siestrunck* s  picture  of  the  supersonic  regime  is 
adopted,  the  equivalent  momentum  flux  in  the  plane  5,6  (see  Fig.  l) 
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is  set  equal  to  the  equivalent  momentum  flux  at  the  plane  where  the 
driven  stream  becomes  sonic.  It  is  of  interest  to  see  if  the  cal¬ 
culated  flux  at  intermediate  planes  has  the  same  value.  We  can  cal¬ 
culate  the  area  required  by  the  driven  stream  as  a  function  of  its 
velocity  number,  and  deduct  it  from  the  area  of  the  mixing  tube  to 
find  the  area  remaining  for  the  driving  stream.  If  we  assume  that 
the  driving  stream  expands  isentropically  in  the  area  allotted  to 
it,  we  find  that  the  equivalent  momentum-flux  equation  is  satisfied 
only  at  the  planes  where  equality  was  imposed,  but  not  at  intermedi¬ 
ate  planes .  The  calculated  equivalent  momentum  flux  was  too  large  at 
intermediate  planes,  for  the  case  we  investigated. 

The  assumption  of  a  wake  of  suitably  varying  width  would  make  the 
flow  postulated  by  Fabri  and  Siestrunck  more  plausible.  Their  picture 
might  also  be  improved  if  the  generalized  choked  flow  described  in 
reference  (6)  Were  assumed,  and  its  equivalent  momentum,  flux  used 
rather  than  that  at  the  plane  where  the  driven  flow  becomes  sonic. 

13-  Discussion 


The  operation  of  the  jet  compressor  is  now  partially,  but  not  com¬ 
pletely,  understood.  The  immediate  cause  for  each  change  in  flow 
pattern  can  generally  be  identified.  For  example,  we  associate  the 
transition  from  the  supersonic  to  the  mixed  regime  with  the  penetra¬ 
tion  of  downstream,  pressure  along  the  walls  of  the  mixing  tube  so  that 
a  supersonic  barrier  between,  inlet  and  outlet  no  longer  exists.  We 
can  tell  from  the  data  approximately  when  separation  of  supersonic  flow 
begins  in  the  driving-fluid  nozzle. 

Models  of  flow  have  been  proposed  that  permit  us  to  calculate  the 
behavior  of  an  ejector  from  its  geometry,  from  a  knowledge  df  the  ex¬ 
ternal  states  of  the  streams,  and  from  their  thermal  properties.  These 
models  must  in  some  way  take  into  account  the  interaction  of  the  two 
streams  after  they  enter  the  mixing  tube.  Our  concepts  of  the  flow 
patterns  are  in  need  of  further  testing  and  refinement. 

Most  of  the  models  so  far  proposed  treat  the  two  streams  as  either 
completely  separate  or  completely  mixed.  This  may  be  satisfactory  for 
self -entrainment  of  fluids  having  equal  stagnation  temperatures,  but  in 
heterogeneous  entrainment  the  admixture  of  even  a  small  fraction  of  the 
driving  stream  with  the-  driven  stream  can  cause  a  substantial  change  in 
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the  conditions  of  choking.  This  will  make  it  difficult  to  make  accu¬ 
rate  predictions  of  when  choking,  will  occur. 

Our  own.  future  plans  involve  the  use  of  a  third  apparatus,  con¬ 
sisting  of  a  second  flat  bar  for  insertion  into  the  assembly  shown  in 
Fig.  2.  This  second  flat  bar  has  A6/A5  approximately  equal  to  1,  as 
compared  to  A6/A5  ±  2.04  in  the  present  apparatus. 
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